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1.0 INTRODUCTION

The recent development of sophisticaed and well controlled epitaxial
processes for the growth of GaAlAs and (GaAs has led to the realization of
heterostructure materials with unique and useful properties. The construc-
tion of single and multilayer GaAlAs/GaAs heterostructures by metalorganic
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) has
permitted the investigation of the physics of two-dimensional electron gases
in a variety of conditions. Figure 1 shows two different types of hetero-
structures important in the study size quantization. In (a) of the figure,
we illustrate a multilayer quantum well (MQW) or superlattice. This is
formed by growing alternating layers of GaAs and GaAlAs each with dimensions
small compared with the electron wavelength of an electron in the material.
This reduced size (1 monolayer to 500 A) results in the quantization of the
energy states of the electron and a variety of effects related to that

quantization. On the other hand, the material of Fig. 1(b) -- the single

layer heterostructure -- owes its unique properties to details of the energy

band structure of heterojunction. The discontinuity in the conduction bands
results in the formation of an accumulation layer of dimension 100 A. Thus
electrons trapped in this layer behave like a two dimensional gas (2 DEG).
The quantization of the electrons results in unique optical properties and

electron transport properties.

The goal of this program has been to investigate these properties and
to exploit them to fabricate new devices for improved electronic functions.
This report describes the progress during the period September, 1980, to

September, 1981.
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2.0 TECHNICAL PROGRESS

A great deal of information regarding fundamental characteristics of
multiple quantum well heterostructures grown by metalorganic chemical vapor
deposition has been derived during this contract performance period. The
following sections will describe the main points determined during the
course of this study. Details of the experimental findings are found in

the technical papers in the Appendix.

2.1 Scope of Investigations

The fundamental properties of multiple quantum well (MQW) heterostruc-
tures and the inherent limitations of available growth techniques in fabri-
cating these heterostructures occupy a large portion of the efforts of this
year's program. It was strongly felt that in order to be able to produce
high quality electronic transport structures in MQW's grown by MOCVD as many
tools as possible should be brought to bear to understand the characteristics
of these structures and their inherent limitations. As a'result, considerable
effort in collatoration with the University of Illinois was devoted to the
study of the optical properties of these quantum well structures, particularly
for structures with very small well dimensions, less than 100 A. In this
region, the optical properties are extremely sensitive, not only to small
changes in the well width, but also to the presence of any localized distur-
bance in the otherwise period MQW structure. Photoluminescence, optical
absorption, and optical pumping were all used to help elucidate these funda-

mental limits. This work led to the observation of localized regions of




GaAs in GaAlAs barriers fabricated by MOCVD. This observation immediately
raised the question as to the fundamental nature of these clusters and their
relevance to other epitaxial techniques such as molecular beam epitaxy (MBE).
To further varify or observe in a more direct manner the presence of these
clusters, transmission electron microscopy was performed on a number of samples.
These studies failed to show conclusive evidence of clustering in MOCVD grown
heterostructures. The apparent clustering, however, could be avoided

by the use of AlAs barriers instead of GaAlAs. An effort was directed at

the growth of high quality AlAs for inclusion in these MQW structures. The
successful achievement of this growth capability obviated for many device
applications the relevance of clusters. However, the fundamental issue

with regard to their inherent nature or their specificity to MOCVD growth

remains unanswered.

A further study of the effects of thermal treatment or the inclusion of
impurities into MQW's upon the structural properties of these materials was
investigated by a study of themmal annealing, impurity diffusion and implanta-
tion. It was observed that both thermal annealing and diffusion of zinc into
MQW structures resulted in severe intermixing of the AlAs and GaAs constituents
of a periodic structure. For zinc diffusion at a level of approximately

1019 em™3

, this intermixing was strong enough that MQW heterostructures
consisting of 100 A wells and barriers were completely intermixed to form
a homogeneous alloy of GaAlAs upon zinc diffusion. Applications of this
effect to monolithically integrated lasers were immediately realized and

performed.




The limitations of all these effects on the transport properties of
MQW modulation doped heterostructures were investigated. In contrast to the
very sensitive optical effects previously mentioned, the major effects in
MQW transport phenomenon was the purity of the GaAs involved in the trans
port itself. Steps were taken to utilize the highest purity possible GaAs
in two-dimensional electron gas structures, and this, in turn, resulted in
the observation of exceedingly high enhanced mobility two-dimensional gas

structures.

2.2 The Growth and Characterization of Ultrathin MQW's by MOCVD

The ultimate limit on the thickness of a layer capable of being grown
by MOCVD has never been tested. During this program, we investigated the
properties of multiple quantum wells with decreasing layer thicknesses,
down to a layer thickness of approximately 30 A, The purpose of these
investigations was to determine when the transition width between lavers
grown by MOCVD became comparable to layer thickness and when other inherent
crystal growth characteristics began to limit the quality of the thin layers.
Furthermore, the fabrication of these thin layer MQW's allowed the investi-
gation of optical properties of electrons confined to extremely small spatial
dimensions., The results of these studies indicated that binary GaAs and AlAs
layers could be grown with no apparent difficulty down to layer thicknesses
as small as 30 A, However, when GaAlAs ternary alloy layers were grown to
these thicknesses, evidence was observed for the presence of Ga rich clusters

in the GaAlAs alloy layer.




The presence of these clusters was inferred from the spectral emission
behavior of multi-layer quantum wells with very thin GaAlAs barriers. The
results from these samples indicated that in regions of the barrier GaAs
rich clusters of atoms occurred that rendered the barrier useless in this
spatial region. The observed effect was that multi-layer quantum wells
with thin barriers instead of emitting at the energy expected for the well
dimensions emitted at energies significantly lower and at energies corres-
ponding to a well whose width was equal to two well dimensions plus one
barrier dimension. This suggested that the electrons were free to pass from
one well to another through a Ga rich cluster in the barrier layer. Several
samples grown all in the same time period exhibited this apparently clustering
behavior. However, subsequent investigation with transmission electron
microscopy of samples grown under similar conditions but at a different time
failed to yield any conclusive evidence for the presence of these Ga rich
areas., Similarly, workers at Bell Laboratories have reported that investi-
gation of MQW samples grown by MBE showed no evidence for clustering behavior,
On the other hand, samples grown at the University of Illinois also be MBE

did show evidence for these clusters.

One reaches one of two conclusions: (1)} the clustering behavior that
we have observed to date in photoluminescence occurs only under certain con-
ditions of growth and is not an inherent characteristic of either MOCVD or
MBE growth of thin layers or (2) the spectral characteristics observed in
these very small quantum wells are being misinterpreted. With regard to the
second possible explanation, we have not been able to arrive at an alternate
one which explains all of the experimental data. Therefore, we are forced
to conclude that the presence of clustering behavior is not an inherent
feature of MOCVD growth but rather occurs under some conditions of growth

possibly being nucleated by the presence of impurities in the reactor.

-5-
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The problems mentioned in the previous section related to the obser-
vance of clustering behavior in ternary GaAlAs barriers of course ceases to
be a problem if AlAs barriers are used in MQW structures. Extensive investi-
gation of both the quality of AlAs grown by MOCVD as well as its inclusion
in MQW structures resulted in several new observations. The first of these
was that the emission of MQW heterostructures with AlAs barriers followed
very closely the expected increase with decreasing well width, and for layers
grown with 30 A GaAs active regions and 30 A barriers laser emission from
MQW structures in the visible portion of the spectrum was observed. Further-
more, the width of this emission and the total spread of spectral positions
seen in samples with AlAs barriers precluded the possibility of transition
between the GaAs and the AlAs being greater than approximately one monolayer.
Thus, the MOCVD growth technology is capable of fabricating one monolayer

thick AlAs/GaAs transition regions and ultra abrupt quantum well structures.

AlAs/GaAs MQW's were compared with GaAlAs/GaAs MQW's to investigate
the effect of clusters on wells with ternary GaAlAs barriers. It was
observed that with AlAs barriers no evidence for emission below the expected
phonon-assisted emission from the quantum well was observed. This suggests
that any well characteristic which could be strongly effected by the presence
of clustering in the GaAlAs barrier can be avoided by the use of AlAs barriers

instead.

2.3 Phonon Effects in the Emission from MQW's

There has been a great deal of controversy over the participation of
phonons in emissions from MQW's, All of the work performed on this program

has clearly shown that the emission from quantum well heterostructures occurs




at multiples of 36 me\ below the expected confined particle statc energy.
Because of the coincidence of this energy difference with the energy of a
bulk phonon in GaAs, we have concluded that the emission in GaAs MQW's is
phonon assisted under high levels of excitation. The mechanism appears to
be one in which the relaxation of carriers from the top of the quantum well
into which thev are excited down to the bottom results in the emission of
several LO phonons. This creates a situation in which the population of LO
phonons exceeds by a great deal the thermal equilibrium population. This

in turn stimulates the emission of phonons in the light emission process and

results in phonon-assisted recombination.

Further evidence of phonon-assisted processes was obtained during this
program vear by the use of very thin MQW samples with either GaAlAs or
AlAs barriers. Thin quantum wells with an average thickness on the order
of 30 to 50 A were grown to a total thickness of approximately one micron,
so that a variety of studies could be performed. These included optical
absorption, transmission electron microscopy, and optical photoluminescence
measurements. The TEM neasurements were used to measure precisely the
thickness of the individual layers. The optical absorption was performed
to measure the position of the confined particle states by the location of
the absorption peak, and photoluminescence was performed to determine the
laser emission -- all in the same samples, The results clearly indicated
that the confined particle states of AlAs/GaAs superlattices occurred at
the expected energies based on the thicknesses measured by transmission

electron microscopy. By the same token, the laser emission from these

samples occurred 36 meV in energy below the measured confined particle states

of these samples. Because AlAs/GaAs samples have been shown to be free of

any clustering behavior, we conclude that the 36 meV shift to lower energy

S e, R v




is precisely the same shift that has been observed in other samples in which
the confined particle state location was calculated rather than measured
experimentally. This conclusively shows that the emission in these samples
is reduced in energy below the confined particle state energy by 36 me\,

and the most plausible explanation is the involvement of phonons in the light
emission. The properties of AlGa\s/GaAs superlattices were also measured

and found to be in total agreement with the AlAs/GaAs measurements suggesting
that the emission process in these two superlattices was substantially the

same,

2.4 Superlattice Disorder

Attempts to fabricate diffused lasers in MQW superlattices resulted in
the observation of a new and potentially very important phenomenon. It was
observed that when zinc was locally diffused into a GaAlAs/GaAs superlattice

total redistribution of the Ga and the Al within the diffused region occurred

resulting in the formation of a homogeneous GaAlAs alloy. The composition
of the alloy was determined solely by thicknesses and composition of the
layers involved in the diffused region. For example, if equal laver thick-
nesses of Gads and AlAs were employed, a 50% GaAlAs homogeneous alloy was
formed. This phenomenon is believed to be closely related to the inter-
diffusion effects seen in these MQW's when they are heated to high tempera-
tures (v 900°C) for several hours. Under those annealing conditions, the

Al and Ga completely redistribute to form a homogeneous alloy. On the other
hand, the diffusion-induced redistribution occurs at relatively low tempera-

tures (™ 500 to ~ 700°C).

There are several implications of this effect. First, the formation of
abrupt heterojunctions between a p+ GaAlAs layer and another layer of dif-

ferent composition may be difficult to achieve because of this enhanced




diffusion, Furthermore, the utilization of this localized interdiffusion
process may result in the fabrication of new types of monolithically inte-
grated planar device structures that could greatly simplify the problem of

fabricating integrated optoelectronic structurcs.

2.5 Transport in MOW Heterostructures in Two-Dimensional Electron Gas

Structures

Detailed measurements of the transport properties of modulation doped
MQW heterostructures were performed during this calendar year. It was deter-
mined that the mobility of modulation doped MQW's was substantially improved
at room temperature over comparably doped bulk samples. Improvement factors
of 1.5 to 2 were observed for samples with an average carrier concentration
of approximately 2 x 1017. More lightly doped samples showed virtually no
increase in mobility over material doped to 2 x 1017 em™3 becoming closer
to the bulk samples of the same doping. At dopings above 8 x 1017, the

mobility of modulation doped samples became closer to values observed for

bulk materials at the same doping.

At low temperatures, it was found that the mobility of material doped
at 2 x 1017 increased drastically with temperature to a maximum value of
about 12,000 to 16,000 cmz/Ysec. Based on measurements of bulk Gais, it
was concluded that this mobility was being limited by the purity of the
GaAs used in the MQW structures. An investigation of the low temperature
mobility (u77) of bulk undoped GaAs determined that beg incrcases monoton-
ically with lower growth temperature similar to results obtained in a com-
panion study performed in a different reactor. GaAlAs of optimum quality
is grown at 750°C, and due to the difficulties in cycling temperature bhetween

layer growth, it was decided to investigate the properties of two dimensional




electron gas (2 DEG) heterostructures. These structures could be grown by
first growing an undoped GaAs layer at the optimum temperature for high
mobility followed by the growth at 150°C of doped GaAlAs material to form
the 2 DEG structure. Several of these samples were grown with and without
undoped GaAlAs spacers to investigate the dependence of the low temperature
mobility upon the presence of the spacer. It was determined that material
with low temperature mobilities as high as 45,000 cmZ/Vsec could be grown
in this way provided that a spacer of 100 A of undoped GaAlAs was included
in the structure. These mobilities are somewhat lower than the highest
values observed in MBE grown material. However, the mobility of MOCVD
grown 2 DEG structures is still being limited we believe by the purity

of the GaAs involved in the heterostructure and to a lesser extent by inter-
face defects in the structure. Further investigation of these effects is

required.

-10-




3.0 CONCLUSIONS

The studies undertaken this year represent the culmination of a threec-

year program in which the properties of MQW heterostructures were investigated.

The materials in this study were all grown by MOCVD, and as a result this

program represents a pionecering effort in the growth of ultrathin layers

bv this growth technique. The accomplishments of the program have been many,

and a great deal of knowledge has been learned. The major conclusion reached

from this year's efforts are:

1.

(g8 ]
.

Ultrathin layers of GaAs, AlAs, and GaAlAs of very high quality

can be grown by MOCVD. Layers as thin as 30 A can be grown by

this technique.

In the light emission from MQW heterostructures, the light is light
reduced in energy by 36 meV from the energy of the confined particle
states in the well. This is believed to be due to the participation

of phonon emission in the 1ight emission process.

Clusters of GaAs-rich alloy sometimes occur during the growth of

GaAlAs materials. It is not known whether these clusters are localized
to interface regions between layers, whether they occur at the beginning
of epitaxial growth alone, or whether they are nucleated by
impurities in the reactor. However, they do not appear to be an
inherent feature of MOC\D growth.

Total redistribution of Ga and Al within multi-layer structures can

be effected by the diffusion of zinc and possibly other impurities

in these multi-layer structures. This effect can also he achieved
over the entire sample by thermal annealing. The zinc diffusion

effect occurs at temperatures in the range from 500 to 700°C.

-11-




High quality, high mobility MQW modulation doped material and 2 DEG
material can be grown by MOCVD, This opens the possibility of a
production technology for ultra-high speed integrated circuits based

on 2 DEG or modulation-doped material.

The conclusions reached above are based on extensive optical and elec-
trical characterization of quantum wells grown by MOCVD. They clearly point
out that the technique has a great deal of promise for a new generation of
electronic and optical devices based on ultra thin quantum well dimension
lavers. Several problems exist which require further investigation. These
include the nature and the elimination of deep traps and other impurities in
GaAlAs. A detailed study of the interfaces of the redistributed effect
caused by impurity diffusion in multi-layer quantum wells as well as the

utilization of this effect for the fabrication of new devices.

-12-




4.0 RECOMMENDATIONS FOR FURTHER STUDY

The investigation of new structures and new materials such as MQW's
and superlattices will inevitably uncover more phenomenon to study than
can possibly be studied in one, two, or perhaps several programs. However,
several avenues for further study are especially evident in the work per-
formed during this calendar year. Among these are the following.
1. The investigation of the characteristics of redistributed GaAlAs/GaAs
MQW heterostructures should be undertaken with the purpose of deter-
mining the electrical and the optical characteristics of this material,
It provides the possibility of forming material with localized
doping and/or localized variations of bandgap that are unachievable
by any other technology. These investigations should include not
only the diffusion of zinc to cause redistribution but also the
implantation of zinc and other impurities, protons, neon, zenon,
and the use of localized thermal excitation to cause the redistri-

bution.

to

The implementation of localized redistribution of MQW material in
integrated optoelectronic devices should be undertaken. These
studies should include the integration of high mobility, high
transconductance FET's, Gunn devices, and other electronic devices
with optical devices including lasers, detectors, and modulators.

3. A detailed study of the transport properties of 2 DEG material
grown by MOCVD and the application of this material to microwave

and logic devices should be undertaken. This process has the virtue
of being scalable to large volume and could potentially impact the
fabrication of a wide variety of microwave and high speed digital

devices.

-13-
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APPENDIX T

Clustering in MOCVD Quantum Well Heterostructures

1. Alloy Clustering in Aleal_xAs-GaAs Quantum-Well Heterostructures.
N. Holonyvak, Jr., W. D. Laidig, B. A, Vojak, K. Hess, .J. J. Coleman,
P. D. Dapkus, and J. Bardeen, Phys. Rev. Lett. 45, 1703 (1980).

2. Comments, Robert C. Miller, Claude Weisbuch, and Arthur C. Gossard,
Phys. Rev. Lett. 46, 1042 (1981).

3. Response, Holonyak, et al, Phys. Rev. Lett. 46, 1043 (1981).
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Alloy Clustering in Al,Ga;_, As-GaAs Quantum-Well Heterostructures

N. Holonyak, Jr., W, D. Laidig, and B. A. Vojak
Departmen! of Electrical Engineering and Malerials Research Labovatory, University of Nlinois
at Urbana-Champaign, Urbana, Nlinois 61801

and

K. Hess
Department of Electrical Lngi::ering and Coordinated Science Laboratory, University of Mlinois
af Urbana-Champaign, Urbana, Nlinois 61801

and

J. J. Coleman and P. D. Dapkus
Rockwell Ir * .2-jomal, Electvonics Research Centey, Anaheim, California 92803

and

J. Bardeen .
Department of ¥ ysics, University of Nlinoés at Urbana -Champaign, Urbana, MNlinois 61801
(Received 28 July 1980)

Data on spontaneous and stimulated emission, in the photon-energy range E, + Shw, o
ZAKu2E,, are presented on Al; Ga,., As-GaAs quantum-well heterostructures with
Al; Ga,., As (x~0.4-0.5) coupling barriers of size Ly ~ 40-70 A and GaAs wells of size

L, ~30-40

A. For L,,1, 550 A, Al-Ga disorder (clustering) in the alloy barriers is

consistent with the observed spectral broadening and downward energy shift of the con-
fined-particle transitions. A simple substitution of binary (AlAs) for ternary (AlGaAs)
barriers eliminates alloy clustering and its effects, and makes unambiguous the identifi-

cation of clustering in alloy barriers.

PACS numbers: 73.40.1Lq, 71.50.+t, 78.45.+h

In contrast to earlier work,'*? gtimulated emis-
sion has been observed recently at energy 5w 5
to 6w o below the confined-particle transitions of
AL Ga,., As-GaAs multiple-quantum-well hetero-
structures (QWH) with narrow wells (L,% 50 &)
and narrow alloy barriers (L, < 50 A). An exam-
ple is illustrated in Fig. 1, a. The lowest ener-
gies are a little above that of the GaAs energy
gap, E,. With increased pump power, stimulated
emigsion is transferred to the neighborhood of the
confined-particle states [Fig. 1, b]. In this paper,
we show that because of disorder and clustering
in the narrow ternary barriers (which can be re-
moved by the use of binary barriers, AlAs), a
continuum of states may exist in the QWH, the
lowest with energies extending down to the band
edge of pure GaAs. It is suggested that real pho-~
non transitions take the electrons down to these
levels, from which stimulated emission then oc-
curs. With higher power, emission from the con-
fined-particle states is enhanced and electrons
do not have time to cascade to the lower levels.

The ALGa,.,As-GaAs quantum-well heterostruc-
tures of interest here are grown by metalorganic
chemical vapor deposition.”* Gas flow rates and

© 1980 The American Physical Society

layer growth times are electronically controlled
to ensure layer reproducibility, Growth rates
are controliable in the range 2-50 A/sec for
GaAs and in the range 2.5-100 A/sec for AlGaAs
(x ~0.40), which makes it practical to grow lay-
ers as thin as 10 A, The first layer grown on the
{100} GaAs substrate is a GaAs buffer layer to
provide a good crystallographic surface for
succeeding layers. The next layer is a relatively
thick (~1 um) Al,Ga,_As (x~0,50) confining lay-
er. This is followed by the QWH active region,
which consists of a series of GaAs quantum welis
and Al,Ga,. . As (or AlAs) barrier layers. The
final layer is a second relatively thick (~0.3 um)
Al,Ga,_,As (x~0,50) confining layer. Al layers
are undoped (n, - n,%10"/cm®). Samples for
photoluminescence experiments are prepared by
polishing and selectively etching off* the GaAs
from the substrate side. Cleaved portions (20~
100 x100-300 um?) of the remaining thin wafer
(~1.3 um thick) are imbedded for heat sinking
into In under a sapphire window (77-K experi-
ments)® or into annealed Cu under a diamond win-
dow (300-K experiments),” and are photoexcited
with an Ar* (5145 A) or a dye-tunable (6540-A)
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Further evidence for alloy clustering in the
Al,Ga,_, As barriers i+ shown (Fig. 2) by the
form of the high-leve. spontaneous emission spec-
tra of a two-well, one-barrier (x ~0.5) QWH (a
different QWH wafer) with all three layers ~40 A
thick. Note that in this case the barrier size is
smaller (40 A) and approaches and helps identify
ii.. average cluster size. As in Fig. 1, the con-
fined-carrier transitions of the ideal L,~40 A
quantum well and also of the larger L, +L +L,
~120 A composite quantum well are labeled in
Fig. 2. The two samples (a, 4 x10* W/cm?, 80
x360 um? b, 10° W.cm? 56x195 .m? exhibit
very similar spectra as, in fact, do all of the
samples from this wafer. A large peak in the
range of n’=1' is observed. The emission does
not drop to zero just below the n=1 e - hh transi-
tion, as would be expected in the ideal cluster-
free limit, but extends downward in energy to
nearly the location of the n=1(120) andn’'=1"
(120) transitions, which are near a distinct shoul-
der in the emission. An increase in the barrier
thickness to ~ 70 A results in cutoff of most of
this lower energy emission.® As the barrier
thickness L, is decreased from ~70 A (Ref. 9) to
~50 A (Fig. 1) to ~40 A (Fig. 2) and approaches
the average cluster size, tunneling filaments are
likely to appear in the Al,Ga,_,As barriers,
which results in a major increase of the effective
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FIG. 2. Pbotoemission (77 K) of two QWH samples
with active regions consisting of two 40-3 GaAs wells
separated by one 40-A Al, Ga;.; As (2~ 0.50) barrier.
These spectra @, 4x10' W/cm?; b, 10 W/cm?) ex-
hibit a peak vear the »’ = 1’ transition of a 40-A well,
with emissfon extending to lower energy. Note that
this emission rolls off near the lowest-energy transi-
tions of a composite-layer 120-4 well, indicated by
the 1 and 1’ (120) markers.

———————

well dimension from ~L, to ~L,+L , +L,. The
observation of spectra such as those of Fig. 2 al-
low an estimate to be made of the cluster size
(=40 A).

Further 300-K laser data on a 29-barrier, 30-
well L,~30A, L,~50 A superlattice structure
(not shown) demonstrate that laser operation be-
low E, is also attainable. This fact, along with re-
cent laser data on QWH's consisting of a large
quantum well (or in some cases a bulk layer) coup-
led to a phonon-generating and -reflecting array
of smaller quantum wells,® indicate that virtual
phonon-assisted recombination processes with A.
<E, can occur and are not inconsistent with the
present data. Alloy clustering (in termary bar-
riers). however, allows actual states to exist be-
tween the bulk band edge and the lowest quantum
states characteristic of an ideal QWH and thus
permits rea! phonon processes to scatter the elec-
trons to Jower energies before recombining.

It is worth mentioning that a reinterpretation of
previous investigations of disorder scattering!®~%
indicates that cluster models might have to be in-
volved to explain successfully the experimental
results for electron mobilities in lII-V alloys.
For example, negligible alloy scattering seems
to exist'? in In,_,Ga, As and strong alloy scatter-
ing in the quaternary system In,.,Ga,P,_,As,, >
which (for the latter) cannot be explained on the
basis of random-compositional-disorder models
alone. In addition, these models do not take into
account, in detail, the peculiarities of crystals
such as Al,Ga,. As or GaAs,_,P, that undergo a
direct-indirect transition in the range x &x =0.4-
0.5, nor whether such crystals are particularly
prone to clustering. It is also worth mentioning
that data are not presently available indicating
how sensitive cluster formation is to the specific
process (vapor-phase epitaxy, liquid-phase epi-
taxy, molecular-beam epitaxy) used to grow a
I0-V alloy.

In any case, the basic features of the Al,Ga,_.,As
alloy clustering described above are clear since,
besides the data of Figs. 1 and 2, simple sub-
stitution of binary barriers (including very nar-
row barriers, ~10 A) for the ternary barriers
employed here eliminates recombination below
the expected (ideal) confined-particle transitions
of a QWH. These further data are shown in Fig.
3, which is for the case of 2 QWH with twelve
GaAs wells (L,~50 A) interleaved in the active
region with thirteen binary (nonclustered) AlAs
barriers (L ,~10 A). The laser operation of the
sample (50 x90 .m?®) occurs exactly onthe n=1,
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FIG. 1. Laser spectra (300 K of a photopumped QWH
grown by metalorganic chemical vapor deposition with
an active region consisting of six ~ 30 A GaaAs wells
amd five ~ 50 A Al, Ga,.; As (x ~0.40) barrlers. The
1 and 1' markers indicate the allowed electron-to-
heavy-hole and electron-to-light-hole transitions, re-
spectively, for 30 & wells separated by perfect 50-4
barriers (i.e., no alloy clustering). The 1 and 1’ (110)
markers indicate the lowest transitions of a 110-A
well. Typical cw laser operation @, 4.8x10° W/ecm?)
occurs slightly below the 1 (110) marker, while the
spontaneous background extends to higher energy.
Pulsed operation of a narrower sample ¢, 6.8x 10’
W/em?) produces lasing st the expected energy of the
» = 1 transition (30-A well).

laser.

The 300-K laser data of Fig. 1 demonstrate the
range of laser mode energies attainable from a
QWH with an active region consisting of six L,
-30 A GaAs quantum wells coupled by five L,~50
A, AL, Ga,_,As (x ~0.4) barrier layers. At 4.8
x10* W/cm? cw excitation (a), a 39x110 um?
sample exhibits laser operation at A ~8560 A,
which is in the anomalous range ~5%w; o lower in
energy than the lowest (n = 1) confined-carrier
electron-to-heavy-hole (e~ hh) or lowest (n' =1')
electron-to-~light-hole (e-=!k) transitions of ~ 30
A GaAs quantum wells coupled by ideal (micro-
scopically uniform) ~50 A, Al,Ga,.,As (x~0.4)
barriers. By exciting narrower samples at high
level, we cbserve laser emission as high as 1.63

1704

eV (A ~7600 A) as is shown by the 23 x84 .m?
sample of curve b (6.8 x10* W/cm?, pulsed). This
high emission energy, which is expected (L,~30
A), serves to identify the lowest confined-carrier
transitions (n=1,n'=1’) of an ideal structure,

Alloy clustering in the Al,Ga,. As barrier lay-
ers, which is a form of disorder and is inevitable,
allows further interpretation of these spectra. In
the extreme case of very large scale clustering,
which would allow GaAs to extend across a bar-
rier (~50 A) and connect two or even more wells,
the carrier recombination can approach E,(GaAs)
or A ~B8707 A (300 K). Even for a smaller average
cluster size it is possible that regions exist in
the Al, Ga,_,As barriers where the Al concentra-
tion is nearly zero. The resulting local potential-
well size is effectively increased from L,~30 A
to as much as L,+L,+L,~110 A, The location
(energy) of the lowest confined-carrier transi-
tions of a ~110-A GaAs quantum well are also
labeled in Fig. 1. Note that alloy clustering in
the barrier layers sufficient to create GaAs paths
through the Al,Ga,_.As barriers is expected to
have a drastic effect in broadening and lowering
the energy spectrum of this quantum system. For
example, the n=1 confined-electron state shifts
downward by ~140 meV for a size shift from L,
30 Ato L,+L,+L,~110 A,

A result of this ghift is that the density of states
of a QWH with alloy clustering in the barriers
will not exhibit an abrupt step to zero at energies
below the lowest confined-particle states of an
ideal structure. Instead, the density of states is
expected to be small but significant below these
“lowest” confined-carrier states, and then drop
to zero for energies less than £,(GaAs). Besides
depending upon the barrier size L,, the exact
form of the density of states will depend on the
average cluster size, the form of the cluster size
distribution, and on the composition x of the Al, -
Ga,.,As. Also, cluster-induced quantization in
the x, y dimensions will play a role.

These additional lower-energy states are ex-
pected to play an important part in radiative
emission from a QWH. The existence of small
areas or patches within the active region with
lower-energy states (areas that increase in num-
ber with the number of barriers) increases the
probability of LO-phonon-assisted recombination
processes’ at energies E, . >hu >E, since vir-
tual transitions are no longer required. Instead,
real transitions in this range at multiples of
~Aw o below the n=1 and n’ =1’ transitions of the
L,~30 A well are poasibie.
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FIG. 3. Photoluminescence (laser) spectra (77 K) of
a QWH sample with an all-binary (cluster-free} active
region consisting of twelve ~ 50-A GaAs wells alter-
nating with thirteen ~ 10-A AlAs barriers. The ex-
citation power densities are high (~ 10° W/cm?) since
absorption of the incident pump beam (A, ~ 6540 A)
oocurs only at the 50-A GaAs wells. Spontaneous (a)
and stimulated @,¢) emission occur only on the n = 1
and 8’ = 1’ transitions, and mot at lower energy as in
Fige. 1 and 2.

e~hh and n'=1’, e =lh “bands” with no recom-
bination radiation between E, (A ~8224 A) and
E,(r~7460 A), and with only minor spectral
broadening just below E, as would occur for
small growth fluctuations in layer size.

Finally we emphasize that the consequences of
alloy clustering are very different for QWH lay-
ers and for bulk semiconductors. In a bulk OI-V
alloy the changes in the scattering rates (e.g., de-
crease in carrier mobility) due to clusters are
quite small,’® whereas in layered structures size-
quantization effects can be totally destroyed. It
is exactly these effects of size quantization that
are probed with QWH laser emission, which is
therefore a sensitive new tool to investigate clus-
tering.
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COMMENTS

Alley Clustering in Al,Ga;_,As

In the light of reported spectroscopic evidence
for extensive clustering in thin Al,Ga, ,As barri-
ers (Lg= 70 A) of GaAs quantum-well hetero-
structures (QWH) grown by metal-organic chem-
ical-vapor deposition (MO-CVD),' plus the state-
ment that “‘data are not presently available indi-
cating how sensitive cluster formation is to the
specific growth process,” we have reexamined
data on {ive samples grown by molecular-beam
epitaxy (MBE) with L, from 19 to 77 A and re-
measured two samples (one with L, =54 A GaAs
wells and L =52 A Al, ,Ga, ,AS barriers, the
other L,=188 A, L,=19 A) looking specifically
for the effect reported by Holonyak e! al., i.e.,
islands of GaAs in the Al,Ga,_,As layers. A
search for peaks in the photoluminescent spectra
at the expected positions for wells 2L, + L, wide?
{the technique used by Holonyak ef al.) and for a
second set of transitions in the excitation spectra
due to 2L,+ L, wells (a technique not utilized by
Holonyak et al.) failed to show any indication of
wells wider than ~L,.°

Alloy clustering of the type reported’ should
smear the QWH interfaces. However, it has been
observed that the excitation spectrum linewidth
of optimally grown MBE QWH is well described
by islands at the interface of about one atomic
layer thick and >300 A in lateral dimensions.*
More recent studies indicate that the parameters
of such islands are very sensitive to the growth
conditions, especially to the substrate tempera-
ture T, during growth. The island height is found
to change from one monolayer at the optimum T,
to five monolayers at 7, 2 50 °C,

There exists earlier nonluminescent evidence
for very abrupt QWH interfaces in MBE material.
Absorption studies by Dingle® point out an abrupt-
ness in the QWH interfaces of ~one monolayer.
More direct structural studies of GaAs-Al Ga,..As

superlattices by x-ray diffraction’ and transmis-
sion electron microscopy’ (TEM) have also shown
sharp interfaces. In addition the TEM study
showed the sensitivity of the optimal T, to the
stoichiometry of the layers, a fact which might
correlate with the absence of clustering reported:
for QWH with AlAs barriers.

In conclusion, high-quality QWH which show no
spectroscopic or other evidence of clustering can
be produced by MBE. The sensitivity of the QWH
interface to the growth parameters might explain
the extensive clustering reported,® but such
clustering cannot be regarded as an intrinsic
growth mode of these alloys.
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Holonyak er al Respond: Rather than a divergence
between the results obtained on quantum-well het-
erostructures (QWH) grown by metal-organic
chemical-vapor deposition (MO-CVD) and molec-
ular-beam epitaxy (MBE), there may actually be
some convergence. In the Comment above, Mil-
ler and co-workers mention that island growth in
MBE QWH’s is sensitive to temperature, and be-
comes worse if the substrate temperature devi-
ates : 50 °C from some unspecified temperature
T, Apparently most of the work, with no ob-
served clustering, that these workers cite in-
volves the use of MBE QWH crystals grown at
<600 °C. The best MMBE QWH laser crystal of
which we are aware, however (i.e., the only one
to have operated continuously at 300 K), has been
grown at > 600 °C (~650 °C) and, moreover, oper-
ates (at high excitation level, >10" A/cm?) as a
laser 30-40 meV (~ku ) below then=1 elec-
tron-to-light-hole or the electron-to~heavy-hole
transitions (8518 and 8567 A; see Fig. 2 of Tsang
et al., Ref. 1; confined-particle transitions un-
marked). This behavior agrees with the type of
results we have reported for MO-CVD QWH la-
sers grown at 750 'C,?*'* and can be explained by
clustering.*

All of the work on QWH’s [MBE, MO-CVD or
LPE (liquid-phase epitaxy)] is sufficiently new,
and totally sensitive and dependent upon the crys-
tal-growth process and choice of experimental pa-
rameters, so that it is not established yet in any
great detail what T, and other experimental con-
ditions are optimum for each growth process.
Probably all of these crystal-growth processes
will be subject to clustering for certain substrate
temperatures, growth rates, and choice of crys-
tal compositions (r in Al,Ga,_,As). For example,

© 1981 The American Physical Society

more of a problem with clustering, at certain
temperatures, might exist near the direct-ind:-
rect transition ( = x_~0.45 for Al,Ga,_ As). As
we have shown,? however, one solution to the
problem of clustering in Al ,Ga,. As is simply to
substitute AlAs coupling and isolation barriers in
Al Ga,. As-GaAs QWH’s. This permits also cer-
tain freedom in choice and manner of QWH crys-
tal growth.
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Cluster-free AlAs/Gals Quantum Well Heterostructures
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Device-quality epitaxial AlAs by metalorganic-chemical vapor deposition
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The growth and characterization of high-quality AlAs expitaxial layers on GaAs subtrates by
metalorganic-chemical vapor deposition are described. The epitaxial layers described here are
grown at intermediate temperatures (750 °Cj and require no unusual reactor modifications.
Comparison is made between single thick epitaxial layers and an 80-layer quantum-well
heterostructure. Low-threshold photopumped laser data are presented. which indicate that the
presence of AlAs in the active region of a laser (containing 80 AlAs-GaAs interfaces| does not

interfere with cw room-temperature operation.

PACS numbers: 68.55. + b, 81.15.Gh, 61.10. —i

The binary I11-V compound AlAs has been suggested
In recent years as suitable for several device applications,
particularly for various solar cell stuctures. Specifically,
AlAs has been used for a wide-gap window layer on GaAs
homojunction solar cells’' and as an n-type layer for hetero-
junction solar cells on GaAs * More recently, we have found
that the replacement of the ternary Ga, , Al, Aswith s a-
ry AlAs in the barrier layers of quantum-well heterostruc-
tures eliminates alloy clustering and its effects on carrier
transport and laser emission characteristics.™* AlAs has two
distinct advantages in its physical nature for these and other
applications. The direct band-edge energy gap of AlAs is
quite large (E, ) ~3 eV."" and its lattice constant
15.6612 A) is very nearly the same as that of GaAs
(5.6528 A). AlAs presents some difficulty in handling, how-
ever. because 1t decomposes quite rapidly when exposed to
air.™" In addition, the growth of AlAs by the HC! transport
method™ "' requires very high temperatures (1000-
1050 °C1, which can lead to undesirable impurity incorpora-
tion. In this letter, we describe the growth of high-quality
epitaxial AlAs by metalorganic chemical vapor deposi-
tion.™ ¥ This technique allow epitaxial growth of AlAs to
occur at reasonable temperatures in a system fully compati-
ble with the growth of high-quality GaAs and Ga, ,Al,
As.

The AlAs epitaxial layers of this work have been grown
by metalorganic-chemical vapor deposition (IMO-CVD)in a
vertical reactor.**'? The source materials used in the MO-
CVD pyrolysis reaction are liquid trimethylaluminum
(TMALI) and gaseous arsine (AsH,) and the growth tempera-
ture is 750 °C. No intentional doping species are present, and
a buffer layer of undoped GaAs (1.5 um) is grown before any
subsequent epitaxial growth. Epitaxial layers of AlAs have
been grown with thicknesses in the range from less than 20 A
to greater than 1.5 um. The substrate material in all cases is
GaAs, oriented (100) + 0.5° and doped with Si
{n~2>10" cm " }). In order to protect the AlAs layers from
decomposition afier growth, a single cap layer of undoped
GaAs (50-100 A) is grown on any exposed AlAs surface.
Shown in Fig. | is the dependence of the AlAs growth rate
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(um/min) on the flow rate (cm'/min) of ultrapure hydrogen
through the TMA1 bubbler. The growth of AlAs in this
work, as in the case of MO-CVD GaAs and Ga, , Al, As,
takes place under excess As conditions. and the growth rate
of AlAs is linearly dependent on metal alkyl flow.

For comparison with the single (capped | epitaxial AlAs
layers of this work we have prepared two additional struc-
tures. The first is an 80-layer quantum-well heterostructure
{QWH) having alternating GaAs {45 A} and AlAs (150 A
layers. The total AlAs thickness of the QWH structure is
0.60 um. The second additional structure is a single layer of
Ga, ,Al, Asix~0.51), which has a thickness of 0.25 um
For the sake of accurate comparison, this structure has a
final 60-A GaAs cap layer.

An estimate of the number of dislocations at the surface
of these three samples and a GaAs substrate has been made
by etching the samples at room temperature in fresh AB
etch.' *Since the last grown layer (etched surface|is GaAs for
all four samples, a comparison of the etch-pit densities of
these samples is accurate. The region to be photographed by
Nomarski interference microscopy for analysis was chosen
for each sample to be average. A comparison of the sample
comntaining a single capped AlAs layer with the GaAs sub-
strate sample indicates that the number of dislocations evi-
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FIG 1. Growth rate vs TMAI flow rate for MO-CVD AlAs on GaAx at
750 °C. The TMAI source temperature 1s 23 *C
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dentin the AlAssample (~ 10° cm ) is roughly a factor of 2
greater than in the substrate. The 80-layer QWH sample and
the Ga,, , Al,..;As sample have nearly the same number
(~6>10"cm 1and this number is not much greater than
in the GaAs substrate. The alloy layer has a reduced number
of dislocations relative to AlAs, owing to smaller lattice con-
stant mismatch. The 80-laver QWH is expected to have few-
er dislocations than a single comparable AlAs layer, since
the alternating thin layers result in reduced strain.”'*'* The
structure appears macroscopically more nearly like

Ga, ,Al, As(x~0.77) based on the thickness ratio.

A further indication of the quality and composition of
these binary AlAs layers and the AlAs-GaAs QWH is
shown in Fig. 2. These are double crysal x-ray Cu-Ka (620)
reflection rocking curves for the AlAs sample [Fig. 2(a)] and
the 80-layer QWH sample {Fig. 2(b)]. The half-width and
position of the intensity peak on the left of Fig. 2{a) relative to
the GaAs substrate reference indicates high-quality AlAs.
When a correction is applied”™'*"'* for the strain present in a
thin epitaxial layer, the lattice mismatch between the layers
corresponds to pure AlAs on GaAs.

The curve of the QWH structure [Fig. 2(b)] contains
important information. The half-width of the peak is quite
narrow and comparable to both the GaAs substrate refer-
ence and the AlAs single-layer peak [Fig. 2(a)]. The position
of the peak corresponds to pure AlAs when the additional
strain of the thinner layers is considered.”'*'* These and
other data from layers as thin as 20 A corroborate earlier
Auger data'® that indicate the interface width of MO-CVD
grown GaAs-Ga, ., Al, As heterostructures is small. If the
interface width had been much larger than expected, the
structure of Fig. 2ib) would appear more nearly like a sample
of Ga, ,Al, As(x~0.77), and Fig. 2(b} would bs broader
and shifted considerably to the right.

In order to verify that the AlAs layers grown in this
work are of sufficient quality to be usable as part of the active
region of laser structures, we have examined the photo-
pumped (At~ laser) laser operation of the 80-layer quantum-
well heterostructure sample described above. This sample is
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FIG. 2. Double crystal Cu-Ka x-ray (620) reflection rocking curves of (a) a
single 0 75-um-thick AlAs layer, and (b} an 80-layer AlAs 1130 A)-GaAs
(45 A)quantum-well heterostructure. The curves are aligned with respect to
the GaAs substrate peak.
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FIG. 3. Laser spectra (300 K| of a photopumped MO-CVD quantum-well
heterostructure sample 115 um wide) consisting of 41 GaAs quantum wells
(L, ~ 45 A alternating with 40 AlAs couphing barners (L, ~ 150 A

abare superlattice without the thick, wide-gap confining lay-
ers characteristic of normal double-heterostructure lasers.
The sample, with the substrate removed and heat sunk under
diamond,'” operates as a low-threshold, cw, 300-K laser as
shown in the emission spectra of Fig. 3. At relatively low
excitation power density {Fig. 3(a), 200 W/cm-], the emis-
sion peaks near the lowest energy electron-to-heavy-hole
transition (n = l,e—hh |. With higher excitation [Fig. 3(bi.
3.7x 10" W/cm?] cw, 300-K laser operation is observed at a
wavelength of ~ 7750 A. As shown by the data of Fig. 3, the
presence of 80 GaAs-AlAs interfaces in this superlattice
does not result in any serious losses, otherwise laser oper-
ation at Jow incident power densities would be impossible
Finally, comparison of these spectra with the spectra of Ref.
18 indicates that the replacement of AlAs for Ga, L Al, As
in the barrier layers of a superlattice QWH does not degrade
the laser performance of the structure.

In conclusion, we have grown and characterized high-
quality MO-CVD AlAs layers and AlAs-GaAs quanium-
well heterostructures on GaAs substrates. The growth of
these layers is possible at reasonable temperatures in a sys-
tem compatible with the growtht of ternary Ga, , Al, As
and requires no extraordinary modifications to the basic re-
actor assembly or apparatus.'® The quality of these layers is
indicated by data which show that an 80-layer AlAs-GaAs
quantum-well heterostructure (containing 80 interfaces and
without thick wide-gap confining layers) operates as a low-
threshold, cw, room-temperature photopumped laser.

We would like to thank D. E. Thompson, W. 1. Simp-
son, L. A. Moudy, and R. E. Johnson for helpful discussions
and technical assistance. The work of the Iilinois group was
supported by NSF.Contract No. DMR 79-09991 and the
Rockwell group was supported in part by the office of Naval
Research, Contract No. N00014-78-C-0711.
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Laser data (77 and 300 K are presented on an Al, Ga,

. As-AlAs-GaAs quantum-well

heterostructure (QWH,) grown by meialorganic-chemical vapor deposition with an active region
consisting of 13 AlAs barrier layers of size L, ~ 10 A and 12 GaAs quantum wells of size L, ~ S0
A This QWH. which is free of alloy disorder and clustering (Al-Ga clusters) in the active region,
emits on the confined particle transitions and not at the lower energies characteristic of QWH's

with Al, Ga,
PACS numbers: 42.55.Px, 81.10.Bk,

The idea of a quantum-well heterostructure (QWH; la-
ser is to effect a basic improvement in semiconductor laser
performance by confining the carriers in thin enough active
layers to modify and raise the lowest carrier states, because
of the confinement, to a step {electron and hole) above the
band edge. In other words, a gradually increasing density of
states at a bulk-crystal band edge should be converted into a
sharp {rather large) step at somewhat higher energy { > E, |.
In existing QWH lasers it is questionable if this sharp step
has actually been realized. This is suggested by the fact that
all present QWH lasers emit well below the lowest confined-
particle states and transitions, frequently with identifiable
phonon involvement. (For a review see Ref. 1.)Recent work’
establishes a basis for this behavior: data on Al, Ga, , As-
GaAs quantum-well heterostructures with smaller and
smaller AlGaAs coupling barriers (L ; = 50 A) reveal clus-
ter-induced states extending from the expected confined-
particle states to the bulk-crystal band edge £, (GaAs} That
is, Al-Ga clustering in the AlGaAs coupling and confining
barriers leads to a distribution of GaAs well sizes {over a
relatively large area active region) and hence broadens and
smears the confined-particle states (and transitions). This be-
havior suggests immediately how to regain (ina QWH) a
step-density-of-states and that is to remove the Al-Ga clus-
tering from the QWH active region. This can be accom-
plished by replacing the AlGaAs confining and coupling
barriers with AlAs asin Fig. 1. In this letter we show that the
generic structure of Fig. 1 leads to an improved form of
QWH laser that indeed operates, in spite of small well and
barrier sizes (L,,L, S 50 A) approaching Al-Ga cluster sizes
in AlGaAs,? on the confined-particle transitions.

Note that no AlGaAs alloy is included in the active
region of the QWH of Fig. 1. Thin AlAs buffer layers are
interposed between the outside AlGaAs confining layers and
the active region, and between the coupled quantum wells, in
order to isolate all Al-Ga clusters from the active region
(shown in Fig. 1 with 6 GaAs wells). Such a QWH can be
grown by metalorganic chemical vapor deposition (MO-
CVD) as has been described extensively elsewhere.>* In the
present work the only modification of the basic MO-CVD

[ Appi. Phys. Lett. 38 (2), 15 January 1081

. As barrier layers (and Al-Ga clusters).

0003-6951/81/020083-03800.50

process is that of decreasing the GaAs growth rate to the
range 2-50 A/s and that of the Al, Ga, _, As for AlAsjto
2.5-100 A/s, 5o that ~ 10-A-thick layers can easily be real-
ized. A vertical (a) and a slant (b, 0.4°) cross section of such a
QWH with 13 AlAs barriers (L, ~ 10 A) and 12 GaAs wells
(L,~50 A} are shown in Fig. 2. The active region is shown
between the arrows in (a) and (b). The layers in the slant cross
section of (b} (tan 0.4° ~ 1/145) appear to be wavy simply
because of polishing scratches, which are obvious. Itis worth
mentioning that excess carriers generated in the AlGaAs
confining layets (e.g.. by phatopumping) are collected in the
active region (arrows in Fig. 1) by tunneling through the
AlAs barriers and scattering 10 the lower energy confined-
particle states.

For the experiments of interest here the substrate GaAs
of the wafers is removed and cleaved rectangular samples
{heat sunk in In under a sapphire window, 77-K experi-
ments, or in annealed Cu under a diamond window, 300-K
experiments) are photoexcited. This method of excitation 1s
merely a matter of convenience, since either Al, Ga, _, As
{x ~0.5) confining layer in Fig. 1 can be doped n type and the
other p type and thus form an injection structure.

FIG. 1. Energy band diagram
of an Al,Ga, ,As-AlAs.
GaAs quantum-well hetero-
structure laser that s free of
disorder and clusters (Al-Ga
clusters). The cluster-free ac-
tive region consists of 7 AlAs
barrier layers (size L. )and 6
GaAs quantum wells (size L )

lection (via tunneling. small ar-
rows) and the recombination
transition fiw > £, (GaAs1n-
volving the lowest-energs con-
fined-carner electron and hole
states.
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FIG. 2. St photomicrographs of a cleaved and stained (a) and beveled anc
stained (bi Al, Ga, , As-AlAs-GaAs QWH (grown by MO-CVD) with 2
cluster-free active region The active region. the region between the arrows,
consists of {3 AlAs bamen (L, ~ 10 Ajand 12 GaAs quantum wells

(L, ~ 50 A). These layers are resolved in the beveled cross section (b, 0.4°).

Figure 3 shows the laser operation (77 K) of the QWH
of Figs. 1 and 2 when pumped with a ~ 30-ps pulse at
A =6540 A from a dye-tunable laser. Note that the high
pump levels are due simply to the fact that the only absorp-
tion of the excitation occurs at the quantum wells themselves
(12x 50 A) and represents a very small fraction of the input
power (@~ 10* cm ™! for GaAs). As curve {a) shows, only a
small recombination-radiation tail exists below the first elec-
tron-to-heavy-hole (n = 1 or E,, e—hh ) transition. This tail
is very slight compared to the stimulated emission. in the
range E, Sfw SE, + Shw o, SE, of the comparable QWH
with AlGaAs barriers {(and Al-Ga clusters) in Figs. 1 and 2 of
Ref. 2. The small tail at lower energy of curve (a) in Fig. 3 is
thought to be caused by slight but inevitable size variations
of the GaAs wells or the AlAs coupling barriers that occur
during the MO-CVD crystal growth. The important point,
however, is that the laser operation occurs on the confined-
particle transitions (n = 1 or E,,e—hhandn’ = 1'or E,’,
e—lh ) shown by curves (b) and (c), and not lower in energy—
not Aw, , or lower.'?

On other samples we have verified that if the L, ~10-A
coupling barriers of Fig. 3 are increased in size, with the
GaAsheld fixed insizeat L, ~50 A, the n = 1 (e—hh ) band
(Fig. 3) contracts s little, and the n' = 1’ (e—/h ) band con-
tracts much more (but remains fixed in center position) and
shiftsthen’ = 1’ (e—/h )recombination to considerably high-
er energy than shown in Fig. 3. In either case (larger or small-
er L, ) the laser operation occurs on the confined-particle

[ ] Appl. Phys. Lett., Vol. 38, No. 2, 18 January 1981
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FIG. 3. Photoluminescence spectra {77 K of a sample cleaved from the
wafer of Fig_2 The sample is photoexcited with a dye-tunable laser

(A4, = 6540 A, ~ 30 ps pulse). At an excitation of 2 x 10° W/cm’, the emis-
sion peaks on the lowest confined-carner (n = 1} electron-to-heavy hole
{e—hh jtransition. At higher excitation (b, 5 x 10° W/cm?) the sample lases
on the n = 1 (e—hh ) transition, Aw ~ E,: at a still higher level (c, 8 » 10
W/cm?) it lases also on the n° = 1" (e—h ) transitions. Note that the use of
AlAs barner layers results in laser operation on or above the confined-
particle transitions (Aw 2 E,} and not lower as is characteristic of QWH's
containing Al, Ga, _, As barrier layers.

transitions, not lower in energy.

At higher temperature (Fig. 4, cw 300 K the laser oper-
ation (5145-A photoexcitation) occurs also on the confined-
particle transitions, but because the n = 1 (e—hh ) and
n' =1’ (e—/h ) bands are so close (6E < 10 meV < kT j, itis
not possible to observe laser operation separately on the
n = 1orn = 1'band. Note that the 300 K continuous (cw)
laser operation of Fig. 4 is not particularly high in threshold
(<4.7x 10 W/cm? or 1.9 x 10° A/cm?) when it is realized
that the laser operation is 155 meV above E, (GaAs) and the
sample is only 15 um wide (a,,,, ~780cm ™).
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T T Y T

' AL, Gey LAs GaAs 113 - 124
x 10¢, 50V ig-100
300 K (Cw

1ntensity
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FIG. 4. Continuous room-temperature laser operation of s photopumped
sample cleaved (15223 um) from the wafer of Figs. 2 and 3. Laser oper-
ation is observed at fw ~ E, (8, 4.7 X 10' W/cm?; b, 1.3 % 10° W/cm?). Just
as demonstrated in Fig. 3 (77 K), no laser emission (300 K ) is observed at
Aw < E| in the case of a cluster-free (no Al-Ga clusters) QWH, i.e., one with
all binary layers in the active region.
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The results presented above, along with the data of Ref
2. show thatan improved form of QWH can be realized that
15 free of alloy disorder and clustering and that operat=s as a
laser on (not below) the confined-particle transitions.
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The high-energy (visible-red) photpumped laser operation (6345 A at 77 K, 6785 A at 300 K of
Al Ga, _,As-AlAs-GaAs quantum-well heterostructures (QWH) grown by metalorgamic
chemical vapor deposition (MO-CVD) is described. The QWH active regions are alloy-free and
consist of GaAs quantum wells and AlAs barrier layers. The effect of the AlAs barrier-layer
thickness on the energy banding of the confined-carrier states and transitions is demonstrated.
The laser operation of the coupled GaAs quantum wells is observed as high as 400-445 meV above
the bulk-GaAs band edge, which agrees with the calculated locations (L, ~30 A) of the lowest
(n = 1) electron, heavy-hole, and light-hole confined-particle states or energy bands.

PACS numbers: 42.55.Px, 78.55.Ds, 81.15.Gh, 78.45. + h

I. INTRODUCTION

Although most current interest in semiconductor lasers
is concerned with longer-wavelength fiber-optic sources,
e.g., Al,Ga, _,As-GaAsor InP-In, _,Ga, P, _,As, dou-
ble heterostructures, there is ample reason {such as photoco-
pying or video-disk recording) for interest in visible-spec-
trum heterostructure lasers. The latter, however, are in a
more primitive state of development because of various diffi-
culties in working with high-gap I11-V alloys. (See Ref. 1 for
a discussion.) I, the case of high-gap In, _,Ga, P, _,As,,
the substrates employed [commercial GaAsP LED (light-
emitting diode) substrates] are not lattice matched through-
out and are of relatively poor quality. For the case of high-
gap Al,Ga, _, As there is, in the direct-gap alloy range
(x < x. ~0.45), an obvious limit to the heterobarrier height
or energy-gap discontinuity between the active region and
the confining layers. Also, in the high-gap energy range (i.e.,
for E, 2 1.8 eV or within ~250meV of x, in Al, _, Ga_As),
there is some question whether alloy disorder and clustering
is more extreme and a source of difficulty ?

A possible answer to the problem of constructing a visi-
ble-spectrum semiconductor laser is to employ a GaAs
quantum-well active region. For example, single GaAs
quantum wells (L, ~200 A} have operated as photopumped
lasers, at 77 K, as high in energy as 1.77 (Fig 10 of Ref. 3)to
1.80eV (Fig. 1 of Ref. 4). Unfortunately these quantum-well
heterostructures (QWH's) are relatively inefficient laser
sources because of their broad spontaneous spectra and thus
wasted electron-hole recombination. If an attempt is made
to effect an improvement in Al, Ga, _, As-GaAs QWH's by
shifting the n = 1 states (electrons, heavy holes, light holes)
to higher energies by reducing the GaAs quantum-well sizes
toL, <50 A, multiple wells must be employed to coliect the
injected carriers® and to yield a sufficiently large active re-
gion but, unfortunately, lower-energy (iw ~ E, ) recombina-
tion and a broad recombination-radiation spectrum are still
observed.’ We have shown that this behavior is a conse-
quence of alloy clustering in the Al, Ga, _ , As coupling bar-

021 J. Appl. Phys. 82(2), February 1081

riers that are used in Al, Ga, _, As-GaAs QWH's.? This
compromised behavior of a QWH laser can be eliminated by
utilizing AlAs barriers {with clearly no disorder or cluster-
ing) as demonstrated in Ref. 5. Then it is indeed possible to
use small quantum-well size (L, < 50 Ajtwo generate high-
energy recombination. This can be done, moreover, in an
active region consisting of only binary layers (AlAs and
GaAs) and thus with no 111-V alloy problems. In this paper
we demonstrate that the laser operation of GaAs quantum
wells can be achieved on a relatively narrow recombination-
radiation spectrum and be at least as high in energy as 1.8
eV (6785 A) at 300 K and 1.95 eV (6345 A) at 77 K, which.
remarkably, is 400-445 meV above E, (GaAs) and in an
energy range comparable (and competitive) with ITI-V al-
loys.

1l. ALLOY-FREE AlAs-GaAs ACTIVE REGION

The diagram of Fig. 1 illustrates a simplified model of
the conduction and valence bands of a QWH free of 11I-V
alloy disorder and clustering in the active region.>* The ac-
tive region consists of several thin GaAs wells (L, £ 50 A
alternating with thin AlAs barrier layers (L, S 50 A). On
both sides of the active region are thicker (0.3-1.0 um)
Al,Ga, _, As (x~0.5)confining layers. These confining lay-
ers provide a thick layer for efficient absorption of a laser
excitation beam in the case of photopumping. or can be
doped n type and p type for current injection. The electrons
and holes generated in the confining layers (photopumped
sample) diffuse to the active region, where they tunnel and
scatter to the lower-energy quantum-well states and recom-
bine (arrows in Fig. 1).

For design and experimental reasons it is important to
know the location of the lowest-energy (n = 1) electron e,
heavy-hole hh, and light-hole /4 states or bands of the im-
proved (prototype) QWH of Fig. 1. These states can be deter-
mined by solving Schrodinger's equation (for electrons,
heavy holes, and light holes) in each layer and by, as usual,
matching the solutions across the boundaries. This proce-
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F1G 1 Schematic diagram of the conduction and valence bands of an
Al Ga | A«AlA«.GaAs QWH with an alioy-free active region The
GaAs wells of width L are bounded on both sides by AlAs coupling bar-
ners of width L, These thin layers of GaAs and AlAs. which compose the
active region of the QWH, are sandwiched between thicker (0 3-1.0 um)
confining layers of Al Ga |, As Electrons and holes generated in the

Al Ga |, Asdiffuse to the active region where they tunnel and scatter to
Jower-energy states and then recombine, emitting photons of energy fiw

dure is practical for a small number ( = 6) of quantum wells
and can be conveniently programmed on a small laboratory
computer (HP 9825). For QWH’s with only a few wells, the
exact number of wells and the composition of the
Al,Ga, ,As confining layers have a pronounced effect on
the allowed energy states. Beyond ~ 6 wells, however, the
allowed energy states begin to form energy bands, and a
Kronig-Penney® analysis serves as a usefu) approximation
for calculating the lowest (n = 1} electron, heavy-hole, and
light-hole energy bands. Although these calculations are not
exact, they provide a useful guide for choosing layer thick-
ness corresponding to the desired (n = 1) e, hh, lh energies.
The n = 1 energy bands (Fig. 2) are calculated (via an
HP 9825 computer; as a function of well size L, for an infi-
nite series of GaAs wells and with the AlAs barriers chosen
here tobe L, = 20 A. The Kronig-Penney gnalysis leads to
the familiar expression

1>/lia’-B%/2aB)
xsinh(aL,sin(BL,) + coshiaL,)cosBL, ), (1)

where

a=22m|{(V - E)'/#, )
and

B=(2m;E) ' /# 3)

Equation (1) can be solved for the allowed energies E of elec-
trons in the conduction band and holes in the valence band.
1n the present work E is the electron energy above the
GaAs conduction band edge or the hole energy below the
valence band edge (the O boundary in Fig. 2). The electron
effective mass in the AlAs barriers, m), is taken to be 0.15
my,, where my, is the free-electron mass. The electron effective
massin GaAs, m}, is calculated as a function of energy from’

m; = [0.0665 + 0.0436E + 0.236E* — 0.147E°Im,,  (4)
where E is in meV. Equation (4) is employed to take into
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account, as a first-order approximation, the nonparabolic
nature of the " minimum and the variation of the electron
effective mass with E (E < 300 meV). The conduction-band
discontinuity or barrier height ¥ is taken 1o be

V=08S[E0,T) - E-(1,T)}], (5)

where the energy of the I” minimum in Al,Ga, _ ,Asasa
function of both crystal composition x and temperature T1s
given by’

E - (x.T)= 1519+ 1.247x
—5405x 107*T /T +204;, x<045 (6a
= 1.519 + 1.247x + 1.147(x — 0.45)°
— 5.405x107T*/(T + 204},  x>045 (6b

The effective masses used for the heavy holes are

m? = 0.75m, (AlAs) and m? = 0.45m (GaAs). For light
holes, m$ = 0.15m,, (AlAs) and m$ = 0.087m, (GaAs,. The
valence-band discontinuity, in agreement with Eq. (5}, is tak-
en to be

V=015[E 0,T)~ E (1,T)). (7

where E(x,T ) is calculated from Eqgs. (6a) and (6b).

The electron and heavy-hole energy bands calculated
from the above expressions and shown in Fig. 2 are relatively
narrow in comparison to the light-hole energy band because
of the low effective mass of the light holes and because of the
rather small band-edge discontinuity in the valence band. As
expected, for barrier widths L, smaller than 20 A, the ener-
gy bands tend to broaden equally above and below the band
centers. Also, for Ly > 20 A the bands contract to smaller
widths. These effects are demonstrated in Sec. IV (Fig. 3).

400 T T T 1 T T T

AlAs—GaAs Energy Bands
n=11g=204A

ook —X—f

Energy (meV)

0 40 80 120 160
Well Size, L, (A}

F1G. 2. Lowest (n = 1) confined-particle energy bands for electrons ¢, heavy
holes Ak, and hight holes /4 as & function of well size L, for GaAs welis
coupled by AlAs barriers of thickness L, = 20 A as shown in Fig 1 The
dashed line E, ~ 300 meV indicates the position in the GaAs conduction
band of the L indirect minima A common zero reference is used for quan-
tum-well electrons (incressing energy upwardj and for holes (increasing en-
ergy downward).

Vojak e a/ 622

ﬂ




Energy e\
165 1.70 17%
RS T T
Al Ga; ,As- AlAs-GaAs (13 « 12)
ala ~035(p5~254.(,~534A
blx~080Lg~10A L, ~50A
z 77K
£
3
- 1
3 ’“
&l \f\

EL— 1 11 k—_w?‘
A _ e - i
‘ 'l'

s i !
5 i
] A *
La\ UU \\\A
1

1 1

L 1 I X o
76 74 7.2 7.0
Wavelength (1034

F1G 3 Photoluminescence spectra (77 K of two quantum-well hetero-
structures (QWH: with active regions consisting of 13 AlAs barners L, and
12 GaAs quantum wells L, ja. L, ~53 A b. L, ~ 50 A; The fundamental
difference between these wafers 1s the size of the AlAs barners(a, L, ~ 25A.
8 10°W/em’. A, ~S14% A b. L, ~ 10 A, 8> 10" W/em’, 2, ~6540 A1
As the barrier thickness 1s decreased from L, ~ 25 Ato L, ~ 10 A, the aser
operation shifts to lower energy as the transitions broaden {increased cou-
pling: The dark and hight bars on the horizontal axis mark the calculated
electron-to-heavy-hole (e—hh. n = 11and electron-to-hight-hole (e—lh,

n = 1) transitions (see 1ext)

Notice that for L, $25 A (L, = 20 A) the light-hole band
extends downward to the “top™ of the potential well (~235
meV), which is the upper limit for the hole energy bands.
This is the basis for the small horizontat line on the /A band at
L, $25 A (Fig 2). In the same size range the electron band e
extends to 2 300 meV above the bulk-crystal conduction
band edge and is somewhere near the GaAs L indirect band
edge ® Thisis shown in Fig. 2by the £, horizontal marker. It
is clear from Fig. 2 that the size limit that leads to the maxi-
mum realizable n = 1 eleciron and hole energies [and maxi-
mum recombination radiation energy. fiw = E, + E, + E,,
{or E,,)]isL, = 25-30 A. As described in the following, we
are close to these limits in the work reported here.

1. SAMPLE PREPARATION AND EXCITATION

The Al,Ga, _,As-AlAs-GaAs QWH's of interest in
this work have been grown by the metalorganic-chemical-
vapor-deposition (MO-CVD) process, which is described ex-
tensively elsewhere.®'° QWH wafers are grown on {100}
GaAs substrates. The first layer is a ~ -um-thick GaAs
buffer layer to provide a good crystallographic surface for
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FI1G 4. Enussion spectra (77 K1 of a QWH consisting of six 30-A GaAs
wells coupled by five $0-A AlAs barriers The alloy-free active region 1s
sandwiched between confining layersof Al, Ga, _, As(x~0.5, A rectangu-
lar sample (50 x 230 um’) is photopumped below the confining-layer ab-
sorption with a mode-locked dye laser (4, ~ 6405 A, ~ 30-ps pulse; and.
because of the low absorption, requires high excitation levels

the succeeding layers. This is followed by a ~ 1-um-thick
Al,Ga, _, As confining layer, next the all-binary QWH ac-
tive region, and finally a second Al, Ga, _, As confining lay -
er that is ~0.3-um thick. Two of the wafers (data of Fig 3
contain active regions of the form of Fig. 1 and consist of 13
AlAs barrier layers and 12 GaAs quantum wells. Although
the GaAs well sizes differ slightly and the Al, Ga, _ , Ascon-
fining-layer compositions x are not the same, the fundamen-
tal difference between these wafers is their AlAs barrier-lay-

Energy {eV)
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FIG 5. Room-temperature emission spectra of a sample (35 x 40 umi1ak-
en from the same QWH described in Fig 4 The sample 1s photopumped
withan Ar- laser (2, ~ $143 A, ~ 20-nsec pulse) and shows that the 3. K
behavior is consistent with that at 77K (Fig 4
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FIG 6 Visible-spectrum stimulated emission obtained by photopumping

A, ~ 51458 Al samples from the QWH of Figs. 4 and 5. Curve a (2.2x 10"

W/cm® shows the laser operation at 77 K of a narrow sample (20 um); laser
modes extend to wavelengths as short as 6440 A (other samples to 6345 A

Atroom temperature. curve b(l 1 x 10° W/cm?), laser modes of another 20-
pum-wide sample extend from 7000 to 6800 A (other samples to 6785 A}

er thicknesses: (alL , ~25 A and (b)L , ~ 10 A. For the wafer
providing most of the high-energy data of this paper (Figs. 4~
6}. the active region consistsof 6 L, ~ 30-A GaAs quantum
wells and 5 L, ~ 50-A AlAs coupling barrier layers. In con-
trast to the work of Ref $ and the QWH wafer of Fig. 3, no
AlAs barnier layers are used to separate the Al,Ga, _,As
{x ~0.5) confining layers from the two outermost GaAs
quantum wells of the active region. All of the layers are un-
doped (n, — n, $10*/cm?).

Photopumping with an Ar* laser (4 ~ 5145 A) or a dye-
tunable laser (4, ~ 6540 A) is employed. In the case of the
latter, significant absorption occurs only at the GaAs quan-
tum wells; thus the excitation levels necessary to attain laser
threshold are typically quite high as compared to the power
densities necessary when using an Ar* laser.

Photoluminescence samples are prepared by first po-
lishing the wafer from the substrate side and then selectively
etching off the GaAs substrate and buffer layers. The re-
maining ~ 1.3-um-thick wafer is then cleaved into rectan-
gles (20-100 x 50-300 um?) which are heat sunk in In under
a sapphire window for 77-K operation or in annealed Cu
under a diamond window for 300-K operation.

V. PHOTOLUMINESCENCE DATA

The effect of the AlAs barrier-layer thickness on QWH
emission spectra is shown by the photopumped-laser spectra
{77 K} of Fig. 3. The two curves of Figs. 3(a) and 3(b) corre-
spond 1o two QWH wafers, each with 12 GaAs quantum
wells of almost the same size (L, ~ 50 A). The laser spectrum
of (a) (8 X 10*W/cm?) is from a sample with thicker AlAs
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barriers (L, ~25 A), while that of (b} (8 X 10°W/cm?,

A, ~6540 A, only the quantum wells excited) is from a sam-
ple with thinner AlAs barriers (L, ~ 10 A). This difference
in well coupling is reflected (Fig. 3} in the energy spread,
curve a narrower and curve b broader, of the n = 1 electron-
to-heavy-hole (e—hh ) and n' = 1’ electron-to-light-hole
(e—lh } transitions. The laser operation in both cases occurs
at the lower-energy end of the n = 1 (e—hh jandn’' = 1
(e—lh ) bands, as is evident in Fig. 3. These data make clear
the important effect of decrease in size of L.

Typical 77-K photoluminescence spectra of a sample
cleaved from the six-well wafer described above are shown in
Fig. 4. Because of the form of the QWH active region, the
confined-carrier states and thus the transitions are slightly
modified from those typical of wafers® of the form of Fig. 1.
The potential barrier formed by a ~ 50-A-thick AlAs layer
has a relatively large effect in localizing carriers in the GaAs
layers. Because of this, the confined carriers in the two outer-
most GaAs quantum wells are in asymmetric potential wells
with a lower-energy Al, Ga, _, As(x ~0.5) barrier on one
side and a higher-energy AlAs barrier on the other; the con-
fined carriers in each of the remaining four GaAs quantum
wells are in a symmetric potential formed by two higher-
energy AlAs barriers. Therefore, two of the lowest-energy
confined-carrier states (there are six n = 1 confined-carrier
states for a six-well QWH) are nearly degenerate and charac-
teristic of the outermost GaAs layers. These states are some-
what lower in energy than the remaining four nearly degen-
erate states characteristic of the four inner GaAs wells. The
energy of these states is approximated rather well by Fig. 2.
The resulting recombination transitions corresponding to
these states are labeled in Fig. 4 as 1, for the two lower-
energy e—hh transitions, 1, for the four higher-energy e—hh
transitions, and 1, for the two lower-energy e—s/h transi-
tions. The other four e—/h transitions are not allowed, since
only the first two light-hole states are bound in the well.
{Note that the Jocations of these transitions in Fig. 4 have
been determined by accurate calculations, as described
above, and have not been simply estimated from Fig. 2.)

The emission spectra (77 K) of Fig. 4, as in the case of
Fig. 3(b), are obtained by photoexciting a QWH sample with
a dye-tunable laser (~ 30-psec pulse width). The energy gap
ofthe Al, Ga, _, As(x ~0.5) confining layersis E, ~2.07eV
while the pump-beam photon energy (4, ~6540 A ) is
v, ~1.90 eV, or ~170 meV (~25 kT) lower in energy.
Thus as already mentioned, the excitation occurs only at the
GaAs wells and is quite high. At a photoexcitation level of
1.6 X 10° W/cm? (curve a), the spontaneous-emission spec-
trum of this sample peaks very near the n = 1, e—hh transi-
tion and exhibits a high-energy tail in the range of the
n' = 1, e—lhand n = |, e—hh transitions. Upon increase in
excitation level t0 2.8 X 10° W/cm? {curve b), laser operation
occurs in the energy range of the n’ = |, e~/hand n = 1,
e—shh transitions. Note, however, that a small spontaneous
emission peak still exists near a = 1, but not lower in energy
as in QWH's with disordered ternary coupling barriers.?

This QWH exhibits similar behavior at 300 K. Figure $
shows the room-temperature emission spectra of another
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sample cleaved from the same wafer described in Fig 4.
With low-level cw excitation using an Ar” laser pump
{curve a, 92 W/cm?), spontaneous emission occurs, as ex-
pected and described above, in the energy range of the con-
fined-carrier transitions and not at lower energy. When ex-
cited with a cavity-dumped Ar™ laser (7.1 x 10* W/cm?,
curve b), the same sample lases near the n’ = 1, e—lh and
n = 1,e—hh transitions.

The emission spectra of Figs. 4 and 5 are typical of aver-
age-size photoluminescence samples (sample width 2 40
pm). An important feature of both Figs. 4 and 5 (77 and 300
K) is that the spontaneous-emission spectra peak near the
n = 1, transitions, while laser operation occurs near the
n’ = 1, and n = 1, transitions. These higher-energy con-
fined-carnier transitions represent a larger density of states
and thus are expected to have more gain than then = 1,
e—hh transitions. From the data of Figs. 4 and §, it appears
that bandfilling to a higher density of states for laser oper-
ation 1o occur is nescessary in a structure of this type. This
may simply be a consequence of the small active volume of
GaAs (6x30A = 180 A).

By selectively exciting very narrow samples (sample
widths ~ 20 um), with correspondingly high cavity end
losses, we can force laser operation to still higher energies
than those shown in Figs. 4 and 5. This is demonstrated by
the 77 and 300 K laser spectra of Fig. 6. At 77 K (curve a,
2.2 10° W/em?), a 20 um-wide samples, when pulse-ex-
cited with a cavity-dumped Ar™ laser, exhibits laser modes
peaked near ~ 6570 A with a high-energy mode at ~ 6440 A.
The highest-energy laser mode observed from a sample from
this wafer (data not shown) is at 6345 A, or 445 meV above
the bulk-GaAs band gap and ~ 150 meV higher than the
previously reported highest-energy laser operation of
GaAs * Of more practical imporiance, very high-energy
stimulated emission in an AlAs-GaAs QWH also occurs at
300 K. Room-temperature laser operation (curveb, l 1x10°
W/cm?, sample width ~ 20 um) is peaked at 6850 A with a
high-energy mode at 6800 A. Laser modes as short in wave-
length as 6785 A, or ~400 meV higher in energy than the
300 K bulk-GaAs energy gap, have also been observed (data
not shown). These data indicate that with proper design of
the QWH active region, room-temperature laser operation
at least approaching, if not surpassing, ~ 6800 Ais possible
in Al,Ga, _,As-AlAs-GaAs QWH's of the type shown in
Fig. 1.

V. DISCUSSION AND CONCLUSIONS

Through the use of AlAs instead of Al, Ga, _, As
{x < 1) coupling barriers in QWH's the problem of alloy clus-
tering, and thus the existence of confined-carrier states and
transitions at Jower energies and of broader linewidth than
expected, has been eliminated. The behavior demonstrated
in Figs. 3 and 4 of Ref. 5 and Figs. 4, 5, and 6 of this work
indicates that relatively narrow-linewidth, high-energy
E, + 150 meV S hw S E, + 445 meV) stimulated emission
from GaAs is possible. The usefulness of
Al,Ga, _,As-AlAs-GaAs QWH's as visible-spectrum la-
sers depends upon, among other factors such as efficiency
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and reliability, how high in energy laser operation can occur

Of the various processes that place an upper energy lim-
it on the laser operation of GaAs, one of the most fundamen-
tal is the transfer of electrons from the direct I” minimum to
the indirect L minima. The energy difference of these mini-
ma has been measured tobe E;, — E, = 330 + 40 in bulk
GaAs*andE, — E, ~295-310meVinan L, ~ 100-A-thick
GaAs QWH.™"" Therefore, unless size-quantization effects
force electron states in the L minima to higher energy, which
is possible, only ~ 300 meV of the GaAs emission energy can
be attributed to high-energy electrons. Thus as shown in Fig
2, the well size must be kept in the range L, 2 25 A in order
to keep the n = 1 electron state (or band) at lower energy
than the bulk-GaAs L minima.

Another important limitation is that of how much of
the emission energy can be attributed to holes and valence-
band effects. Since the excess carriers enter the QWH-active
region from the Al, Ga, _, As (x < 1) confining layers, the
largest fraction of the GaAs photon energy that comes from
high-energy holes (assuming no k selection rulej is that asso-
ciated with the valence-band discontinuity between the
Al ,Ga, _, As (x < 1) confining layers and the GaAs quan-
tum wells. The total energy-gap discontinuity is given by

AE, = E,(AIGaAs) — E,(GaAs) = AE, + AE,, (8,

where AE and 4E, are the valence-band and conduction-
band discontinuities, respectively. Using AE, =0.153E,
and assuming x = 0.5 Al, Ga, _, As confining layers leads
to AE, ~90 meV. Therefore, even though Fig. 2 shows hole
energy states in therange 0 < E, $235meV, if a finite AlAs-
GaAs QWH is located between Al,Ga, _  As (x~0.5) con-
fining layers, only 4E, ~90 meV of this ~235 meV range
can contribute to the GaAs quantum-well recombination-
radiation energy. If xisincreased tomake 4 E, and thus4E,
greater (AE, =0.154E,), orif AE /AE, > 0.15 (or even if
AE, /AE, is a function of x), then still more of the GaAs
quantum-well recombination energy may be attributed to
the hole energy.

By considering electron transfer from the I to the L
minima and the valence-band discontinuity (for x ~0.5 in
this case) as the two limiting factors of high-energy stimulat-
ed emission in GaAs, e estimate a maximum recombina-
tion-radiation energy of w ~ E, (GaAs) + 4E, + (E,

— E;)~E_ (GaAs) + 390 meV. The high-energy modes ob-
served in this work at fiw ~ E, (GaAs) + 400 meV a1t 300 K
and fiw ~ E, (GaAs) + 445 meV at 77 K are most likely near
or at the high-energy limit of laser operation of any AlAs-
GaAs QWH with Al, Ga, _, As (x~0.5) confining layers
unless size-quantization effects substantially increase the
ground-state energy of the L minima electrons, or unless
4E, is larger than ~90 meV (x ~0.5). Still higher-energy
laser operation might be attainable if the Al composition in
the confining layers is increased to x > 0.5, resulting in
AE_ >9 meV. It should be mentioned that in the present
work we have tried to establish if GaAs, in the form of a
quantum well, is capable of visible-red laser emission, and
whether this can be accomplished in an alloy-free QWH with
an AlAs-GaAs-active region that is free of disorder or clus-
tering as a source of spectral broadening. This has been ac-
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complished. and 1t is clear that. at 300 K. GaAs is capable of
stimulated emission at wavelengths as short at 7000-6800 A

We have not constructed an optimum practical structure (in
terms of design, doping profile, freedom from defects, etc.}in
the present work, but from this and related work " have rea-
son 1o behieve that the type of QWH described here (Fig 1)
will eventually operate as a laser continuously at room tem-
perature in the visible-red
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A series of experiments have been conducted 1o determine the extent of longitudinal optical (LO.
phonon contnibution to quantum-well-heterostructure (QWH i laser opertion. Extensive data are
presented on metalorganic chemical vapor deposited IMO-CVDy Al, Ga, , As-GaAs QWH's
with active regions consisting of larger quantum wells, or in some cases bulk layers (L, > 500 A),
coupled 10 phonon-generating and -reflecting arrays of coupled smaller quantum wells. Because
of the electronic and vibrational coupling of the single larger layer to the array, the spontaneous
emission and laser emission from these structures differ from that of QWH's containing either a
single well or a mululayer of uniform well thickness. In fact, phonon sideband laser operation of
the larger GaAs layer can be induced at fiw ~ E, -fw, , (undoped layers, n, — n, S 10" /em*|. An
increase 1n either the thermal or nonthermal phonon occupation number is shown to cause
phonon sideband laser operation in a QWH. A guide to the design of the multilayer array also is

presented

PACS numbers. 7% 50.Ge, 78.45. + h. 63.20.-¢, 81.15.Gh

1. INTRODUCTION

Unul quite recently. the design of I11-V semiconductor
lasers has involved the optimization of carrier, current, and
electromagnetic field confinement in some form of stripe-
configuration double-heterostructure laser. As the carriers
are better confined. however. so also to some extent are the
longitudinal optical {LO: phonons that are emitted duning
the process of carrier energy relaxation from the wider-ener-
gy-gap confiming lavers (injecting layers) to the narrower-
gap active region The role that phonons might play in dou-
ble-heterojunction IDH and quantum-well-heterostructure
(QWH  lasers has been poorly understood in spite of the fact
that large phonon densities are likely to exist in the active
region at threshold. which is typically high (J ~10* A/cm?).
Forexample,inan Al,Ga, ,As-GaAs(x~04,7 = 300K)
DH laser approximately [E, (A1GaAs) — E,(GaAs)]/fw, (,
= (1.923-1.424)/0.036 = 14 LO phonons are emitted for
cach electron-hole pair injected into the active region. That
LO phonons do modify laser action has been shown in the
phonon-sideband operation of AlGaAs-GaAs,'* InGaPAs-
InP'* and InGaPAs-GaAsP," quantum-well heterostruc-
tures. All of these are H11-V semiconductor compounds in
which, unlike 11-VI compounds, phonon participation in la-
ser operation has not previously been identified. This has
been more or less expected because the electron-LO phonon
coupling 1s inherently relatively weak in comparison with 11-
VI compounds

The reievant recombination and LO phonon scattering
processes for undoped GaAs in the bulk and quantum-well
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cases are illustrated in the density of states versus energy
diagram of Fig. 1. As electronic carriers are confined to a
thin-lower-energy-gap semiconductor layer between two
wider-gap layers, the single-particle energy spectrum takes
on a particle-in-a-box character in the dimension in which

FI1G 1. Density of states dia-
grams for electrons, heavy
holes. and hght holes The step-
hike cumulative density of
states g £ 1 charactenstic of
quantum-well heterostructures
15 contrasted with the density
of states of bulk matena!
(dashed curves, The smaller
curved arrows indicate elec-
tron energy loss tin units of
A, .| via electron-LO-phonon
- £ scattenng The arrows labeied
- 9 1and 1" represent the recomb,.-
I nation of an electron in the

n =} confined-parucle state
with a heavy hole in = 1 anda
hght hole (n = | i, respectine
Iy Light-to heavy-hole relan
810N s indicated by the smali
upward arrow

“Heavy holes

] \ Light holes
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the layer 1 constnicted e g . for GaAs L, < S00 AJ, and re-
sults 1n a number of quasi-two-dimensional subbands each of
which has a constant density of states © The cumulative den-
sities of states for electrons and for hight and heavy holes in
the quantum-well regime is steplike as shown in Fig 1, with
each step occurnng at the energy of the one-dimensional
confined-carnier energy In the bulk limit, the usual parabol-
ic density of states exists (dashed! The curved ..rrows on the
conduction-band densities of states represent LO-phonon
emission by thermahzing electrons while the 1, 1', 1-LO, 1'-
LOarrowsillustrate the vanous low -energy confined-carrier
radiative recombination transitions in QWH lasers (115

n = | electron to heavy-hole. 1715 n” = 1" electron to light-
hole.and 1-1 O and 1 -LO are phonon sidebands of the 1 and
1" tranations - Alse shown is the light- to heavy-hole
relazation

The form of the density of states 1s fundamental to the
process of LO-phonon emission and absorption in polar op-
tical scattering and is so important that, in the two-dimen-
sional imit, the basic electron-LO-phonon interaction is ac-
tually shghtly enhanced over the bulk case,” making
stimulated phonon emission more of a possibility.? Because
of this, the nonthermal LO-phonon occupation number is
expected to be greatly increased in QWH lasers.® These
phonons, however. are extremely difficult to detect. Earlier
work® indicates that multiple thin-layer (L, S 80A) struc-
tures. in contrast to single (L, S 500 A} quantum wells, are
very efficient in carrier collection and thermalization,and
operate readily on LO-phonon sidebands. A valid verifica-
tion of the role of LO phonons in a QWH is, therefore, the
artificial inducing of phonon-sideband laser operation in a
larger quantum well (L, ~ 200-500 A or bulk layer by a
phonon-generating and -reflecting array of small
(L, ~ 50-80 A) quantum wells. Also, the identification of
phonon-sideband laser operation of a thicker layer
(L, 2 200 A11s easier because of the advantage that the low-
est-energy confined-carrier transitions converge to £, as L,
increases. the uncertainty 1n determining L, and the con-
fined-carrier transitions is thus decreased.

The purpose of the present work is to determine the
extent to which LO phonons aflect the laser operation (77-
JOOK of bothQWH and DH Al, Ga, _ , As-GaAs semicon-
ductor lasers Phonons generated in a thin multuple QWH
array are used toinduce phonon-sideband emission in a larg-
er, coupled. “"phonon-detector” GaAs layer. The extensive
data presented on QWH's of various well thicknesses show
that Al,Ga, , As-GaAs heterostructure lasers can be de-
signed which take advantage of the LO phonons that are
inherently generated in these structures.

Il. CRYSTAL PREPARATION AND EXCITATION

The Al,Ga, _, As-GaAs samples of interest here are
grown by metalorganic chemical vapor deposition (MO-
CVDj, which has been described extensively elsewhere *'¢
The wafers, grown at 750 °C on { 100] GaAs substrates at a
cahbrated growth rate of ~0.25 um/min (or slower), consist
of a ~ 1-um-thick GaAs buffer layer to provide a good crys-
tallographic surface for the succeeding layers, followed by a
~b.um Al,Ga, ,As (x ~0.36} confining layer, then the
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QWH active region, and finally a second ~0.3-um
Al,Ga, _,As{x~0.36) confining layer. All layers are un-
doped (n, —n, 10" cm™?).

Six different QWH active regions composed of thin-
layer phonon-generating arrays coupled to larger GaAs
quantum wells (L, =500 A) or standard DH active layers
(500 A < L, 2000 A)are employed. They are (ijasingle L,
~200-A GaAs well and seven L,, ~ 50-A GaAs welis
with all of the wells coupled by seven ~50-A-thick
Al Ga, _,As(x ~ 0.32) barriers [structure denoted as
{1-7) 200 — 50 A)."" (i1) a structure identical *o (i: with the
exception that the thicker GaAs layer is changed to L,
~ 500 A [11-7) 500 — 50 A] (i1} a structure identical 1o (i
with the exception that the largest GaAs well 1s increased in
sizeto L,, ~ 1500 A [(1-7) 1500 — 50 Al. (iv) a structure
similar to (il with L,, ~ 160 A, L_. ~80 A and with ~ 80-A-
thick Al GaI _2Asix~0.32) couphng barners [11-7)

160 — 80 A}]. {v] a phonon- -generating array of seven L.
~50-A GaAs wells on either side of an L, ~500-A GaAs

layer all of which are coupled by founeen ~ 50-A-thick

&,

FIG.2 Scanning-electron microscope photographs of a multiple-quantum-
well heterostructure grown by MO-CVD with an active region consisting of
seven 50-A GaAs wells and one S00-A GaAs well coupled by seven 50-A
Al ,Ga, _,As(x=0.32)barners The cleaved and stained cross section a
shows the 500-A GaAs layer (nght-hand arrows, the lefi-hand arrow s ind.-
cate the array of seven $0-A layers, which cannot be individually resalved
Photograph bi shows a shallow-angle beveled and stained cross section of
the same QWH The shallow-angle bevel and stain causes the layers 1o
sppear enlarged (by a factor of 93 for this cross section), allowing the arran
of seven $0- i wells and seven SO-A barners to be resolved (lefi-hand
arrows)
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Al,Ga, ,Asix~0.32) barriers [(7-1-7)50-500-50 A). and
tvitwo L, ~ 120-AGaAs wells with one located on either
side of an array of six L, ~ 80-A GaAs wells with all oflhe
GaAs lavers coupled by seven ~ 80-A-thick Al .Ga, .

(x ~0.321 barner layers [(1-6-1}120-80-120 A] In addmon
10 the undoped wafers described above. four “degenerate”
case multilayer structures in which all wells and barniers are
the same thickness are used for comparison. These contain
undoped active regions which include (a) six L, ~ 50- A
GaAs wells coupled by five ~ 50- A Al Gal _ L As (x~0.30
barriers [15 + 61 50 A or simply (61 50 A" (bi four

L, ~80-A GaAs layers coupled by three ~ 80 A

Al,Ga, ,Asx~035)barners [13+4)80A or (480 A)."
{crsin L, ~ 80-A-thick GaAs layers coupled by five ~ 80- A
Al,Ga, ,Asix~0.30) barriers with one p-type and one n-
type conﬁmng layer and a p-type GaAs contact layer to form
ap-n junction QW H diode [i5 + 6) 80 A or (6 80 A} and (d)
sin L. - 120- A GaAs wells coupled by five ~ 120- A
AI_Ga, LAsx~0.27) barriers {(5 + 6} 120 A or (6} 120
fA] iq

Layer thicknesses of the QWH samples are estimated
by SEM microphotographs taken on cleaved cross sections
or on bevel cross sections |~ 1°angle}."* Both of these forms
of measurement agree with the growth rate calibration on
thicker layers and with sputter-Auger measurements.'* The
bevel angle. and thus also the magnification factor, is pre-
cisely determined using a SLOAN DEKTAK surface profi-
lometer Examples of a SEM microphotograph (al on a
cleaved and (b on a beveled and stained cross section of the
11-7; S00-50 A structure [1i] are shown in Fig. 2. Starting
from the bottom of photomicrograph {al is the ~1.0-um
Al,Ga ,Asix~0.236)confining layer. Next, between lhe
right- hand pair of head-to-head arrows is the L,, ~ 500- A
GaAs layer. This is then followed by the seven L,, ~ 50-A
GaAs wells coupled by the ~ 50- A-thick Al Ga, _LAsS
{~0 32 barriers. all of which are between the left-hand pair
of head-10-head arrows. The individual ~ 50-A-thick layers
inia)are not resolvable Finally, the uppermost portion is the
second ~0.3.um Al,Ga, ,As (x~0.36) confining layer.
Note that the “large” GaAs layer is indeed ~ SO0 A thick,
while the net thickness of the multilayer region is
{7+ 7)» 50 A = 700 A The (b} part of Fig 2 is a SEM pho-
tomicrograph of a beveled (~0.62°, ~93 x magmﬁcauon)
and stained portion of the same (1-7) 500-50- A wafer as that
of ta; Here the individual ~ SO-A-thick layers, which com-
prise the multilayer phonon-generating array between the
left-hand head-to-head arrows, are resolved as is also the
~500-A (L,,) GaAs layer between the right-hand head-to-
head arrows. The apparent layer nonuniformity and uneven-
ness are due 10 scratches inherent in the bevel technique and
in no way imply poor crystal quality.'’

In order to study small samples with large Fabry-Perot
cavity end Josses, and undoped samples to avoid the confu-
sion of recombination radiation involving impurities, photo-
pumping is used for sample excitation. The data presented
here are obtained using an Ar* laser (4 ~ 5145 Ajwhich can
be operated etther cavity-dumped or cw. Sample prepara-
tion'* consists of first mechanically polishing the wafer from
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the substrate side down to a thickness of ~ 50 um and then
selectively etching of/'* the remaining GaAs substrate and
buffer layer. The resulting thin {~ 1.4-um-thick| wafer 1s
then cleaved into rectangular samples ~ 10-100 um wide by
~ 100-300 um long which are imbedded into In under a
sapphire window for 77 K operation' or into annealed Cu
under diamond for 300 K operation.?° Typically, a circular
spot of Ar™ laser light comparable in diameter to the samplc
width is used to excite electron-hole pairs in the

Al,Ga, _,Asconfining layers. Since aL, €1, most of the
carriers are generated in the confining layers The carriers
diffuse to the active region where they thermalize by emit-
ting LO phonons and then recombine. The one ($ + 61 80-A
structure that is grown sandwiched between n- and p-type
confining layers has been both fabricated into simple stripe-
geometry laser diodes and has been processed into a photolu-
minescence sample by selectively etching off the GaAs sub-
strate and contact layers.

1. EXPERIMENTAL DATA

The emission spectra of a large quantum well (L,
2 200A coupled to an array of small wells {L,, $80 A» dif-

Energy (V)
150 154 158 162
T 1 R T
AL, Gay_,As-GaAs (7 -8

—£ x~032
R nlnBuls . ¢ 77K

Intensity

62 % 10w em?

£ misaion

$
sla
& be— L0
L——-LO———1 -
1y 2 2 3-13 3
N | TR N
g4 82 80 78 76

Wavelength 1103 A)

FIG 3 Pulsed photoluminescence spectra (77 K)of a sample (55 4REum )
cleaved from a heterostructure similar 1o that shown in Fig 2 but witha
200-A GaAs layer in place of the 500- A layer A one-dimensional model of
the conduction band and the allowed electron energy levels are indicated by
theinset The heavy and light bars on the horizontal axis marh the transition
energies for electrons 1o fecombine with heavy holes ie—hh, » confined-
particle transitions) or with light holes (e—/h, n’' confined-particle tranw-
tions) respectively The spontaneous spectrum shows the emission just be-
low lasing threshold [al, 6.2 10 W/em®] At shghtly higher exciation
power [bi. 70> 10° W/cm’) the main laser mode occurs on the n' = 1’
transition with the simulianeous occurrence of a small spectral bump at
energy Aw, ., below the n = | transition At higher power [c1, 10° W cm’]
the small bump develops into a well-defined laser mode
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fer markedly from those of a single large well (L, 2 200 A).
or from a degenerate multilayer structure (L, S 80 Ajin
which all the quantum wells are the same thickness The
proximity | S 80 Ajofa larger well to an array (see the inset of
Fig 3iis very important in the electronic and vibrational
couphing of the two systems Both electrons, which have a
significant tunneling probability for an ~ 80-A-thick ~ 400-
meV rectangular barner. and LO phonons, with a 100-500-
A mean free path, are hikely to be shared i1n the whole system
and affect the recombination and inelastic scattering pro-
cesses. For example, LO phonons generated in the small-
well arrays of these heterostructures influence the recombi-
nation in the larger layers

Typical emission spectra (77 K1 of a photopumped, rec-
tangular sample from the {1-7) 200-50-A wafer (i} are shown
in Fig. 3. The form of the conduction-band edge in the vicini-
ty of the active region is illustrated in the inset. The horizon-
tal lines indicate the electron eigenenergies of this one-di-
mensional potential. These lines are sketched to correspond
to the spatial extent of the wavefunctions. The numbers 1-6
on the left side of the hines and the I and 2 on the right side
denote those states of the system which arise because of the
L., ~200-A-thick well and the L, ~ 50-A multilayer, re-
spectively. While this numbering scheme is not strictly cor-
rect for the complete coupled quantum system, it is very
useful since some eigenfunctions are more localized in the
L, ~200-A well and others are more localized in the L.,

~50-A multilayer. Note that this localization should not
restrict the motion of the electrons since the very-small-layer
dimensions easily allow electron tunneling between the mul-
tilayer and the larger GaAs layer.

The (1-7] 200-50-A sample. when pulse excited
(6.2 > 10" W/cm?®) partially across its width, exhibits the
high-level spontaneous emnission spectrum, Fig. 3(a). Sponta-
neous emission peaks are observed at slightly lower energies
than the first electron-to-heavy-hole n = 1 confined-carnier
transitions of both the multilayer array and the larger quan-
tumn well. With an increase in pump power to 7 x 10
W/cm?, Fig 3(b). a laser mode appears abruptly near the first
electron-to-light-hole n’ = 1" transition of the L,, ~ 200-A
GaAs well, and simultaneously a small bump emerges
~#w, , lower in energy than then = 1 L,, ~200-A con-
fined-carrier transition. Upon further excitation [(c}, 10°
W/cm?), this bump also lases although it 1s still much lower
in intensity than the higher-energy confined-carrier stimu-
lated emission. The location in energy and the unique man-
ner of turn-on of the bump with the laser line are interpreted
as evidence for stimulated phonon emission.

The emission spectrum (77 K of a second sample from
the (1-7) 200 — 50-A wafer is shown in Fig. 4. At low-level
cw excitation [curve (a), 250 W/cm? ] the spontaneous emis-
sion peaks at very nearly the same energies as the sample of
Fig. 3. For pulsed excitation, however, laser operation is ob-
served [curve (b}, 5 x 10° W/cm?] both on a phonon sideband
of the lowest-confined-cerrier transitions and also near the
n = 2 transition of the L,y ~200-A well. Note that with this
sample and excitation geometry the phonon-sideband laser
modes can be made to dominate the emission spectrum as
opposed to the relatively weak modes at that energy shown
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in Fig 3. That this effect is pnmarily due to the excitation
geometry can be seen by comparing the spectrum of Fig 4
with that of Fig. 3(b} of Ref. 8. Both spectra are from the
same cleaved sample (28 ». 244 um°) and are excited to the
same level (S x 10° W/cm?). However, the pump beam is at a
slightly different location of the sample in the two cases. this
results in the relative emission intensities of the phonon side-
band and the higher-energy laser modes to be different

As mentioned carlier, this type of emission spectrum.
i.e., with stimulated emission occurring ~ fiu, , lowerin en-
ergy than the lowest-confined-carner transition, 1s not simi-
lar tothat of asingle ~ 200-A-thick well Depending on sam-
ple and pump beam geometry and also the excitation power,
laser action has occurred over a very broad energy range ina
single L, ~200-A QWH (see Fig 10 of Ref 6; However, it
has not been observed as low in energy as ~ fiw, , below the
lowest {n = 1, n’ = 1’| confined-carrier transitions. A direct
comparison of pulse-excited room-temperature laser oper-
ation of a single L, ~200-A QWH and the (1-7; 200-50-A
QWH (i) of Figs. 3 and 4 is shown in Fig. 5. At 2.8 » 10°
W/cm? the single well structure, curve (a), exhibits consider-
able bandfilling®”' because of its very small active region
thickness and relative inability to collect and thermalize hot
electrons from the confining layers.®** Upon couphing of a
phonon-generating and reflecting array of smaller L, ~ 50-
A GaAslayerstoa single L,, ~200-A-thick GaAs well. we
observe [curve (b}, 7x 10* W/cm?] that the carnier collec-
tion, thermalization, and bandfilling problems are drastical-
ly reduced. Most of the carriers are collected by and scatter
to lower energy in the multilayer portion (64S¢ of the GaAs
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g L,7~504 (7)
£ 7K
8 2
2 a) 250 W'em< (CW)
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FIG 4 Spectra (77 K| of s photopumped sample (28 x 244 um’ cleaved
from the same wafer as that of Fig 3. Low-leve! cw excitation [ai. 250
W/cm®] produces a peak at energy fw, , below the n' = 1" transitions of the
200-A well and another peak (4 ~ 7800 A appronimately an LO-phonon
below the n° = 1" transitions of the 50-A wells (The n = | transitions of the
$0-A well are degenerate with the n = 3 transition of the 200-A well. see
inset of Fig 3.) Pulsed excitation {b), § x 10* W/cm?] results in laser oper-
ation an LO phonon below the n = | transitions of the 200-A well Smaller
laser modes also appear near the n = 2 transitions of the 200-A well
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in the active region is in the multilayer array) of the hetero-
structure. In the process, LO phonons are emitted and carri-
ers either recombine or scatter to still lower energy in the
larger well and recombine. For the samples of Figs. 3, 4, and
Sib1(7 » 10" W/cm’), a sizable portion of the carriers scatier
to the lowest-energy confined-carrier states before recom-
bining radiatively. including at energy fiw, , below then = |
or 1" transitions. Although other excitation geometries
modify the emission spectra of a (1-7) 200-50-A QWH, these
data demonstrate that this design of the active region enables
recombination 10 be observed at lower energies than for the
case of a single L, ~ 200-A-thick well, orevenan L, ~ 50-A
multilayer array. and that LO-phonon effects therefore play
a considerable role in the operation of this form of QWH.

A further interesting feature of the {1-7) 200-50-A
QWH 1s the presence of emission and laser modes in the
range between the lowest-energy confined-carrier transi-
tions of the system and the phonon sidebands. This is dem-
onstrated clearly in the 77 K photoluminescence spectra of
Fig 6. As with the spontaneous emission data of Figs.3,
curve (a). and 4, curve (a). the CW emission at low level [Fig.
6 curveial. 10 W/cm’] of this wafer peaks at slightly lower
energies than the n = 1 confined-carrier transitions of the
L, ~200-A well In addition, in the case of this sample a
shoulder in the emission is observed ~ 20 meV lower in ener-
gy than the n = | transition of the L, ~ 200-A well. At

Energy (eV)
140 150 160
T T T 7
Al,Gay_  As-GaAs
2 x~051(,~2004
Zz
21 B x~032L,~200A (1}
1
£ Lr2~s50A
300 K
E
s 28x10%w-em? (L) a
g “~
g 1 2 2 3 3 4
_ —
£ 11 1 1 1 A1
Lo
r)- —opt— LO—»ra— | O —pa- LO-»f
LO —ba—LO s L O -0
L 3
2
3 .
by 7 X 10
«L | W _
" 2 2 31 31
PR | L1, R0, L
88 84 80 16

Wavelength | 1034)

FIG S Comparison of the pulsed photoemission (300 K1 of a rectangular

sample 47 » 234 um’ i cleaved from a single 200-A QWH with a rectangular
sample 162 » 226 um’) cleaved from the same QWH wafer as the samples of
Figs 3and 4 The high energy emission alof asingle 200-A QWH (2 8 x 10*
W/cm® s cut off by the 7-well (L,, ~ 50 A} array of b) (7 x 10° W/em?)
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FIG 6 Photoemussion (77 K1 of a sample 194 < 234 ym~i cleaved from the
same wafer descnibed 1n Fig 3 Besides the low -level 1250 W /cm 1 spontane-
ous peaks of Fig 4.the low-level spectrumaii10 W/cem i exhibits a shoulder
approximately 20 meV below the n = 1 1ransition. corresponding to the
expected binding energy of a two-dimensional exciton in GaAs At higher
power bl 2 § x 10 W/cm"1a well-defined group of Jaser modes ‘Jabeled A,
20 meV below the n = | marker. appears as weli as laser operation one
phonon below the 2" = 1" transition

higher pulsed photoexcitation [curve (ci. 2.5 x 10* W/em-],
laser operation is observed both on a phonon-sideband of the
n’ = 1'transition and also ~ 20 meV below the n = [ transi-
tion, labeled A. The location of A is in excellent agreement
with the energy expected of a two-dimensional exciton in-
volving a heavy hole.

The binding energy of a two-dimensional exciton is 4 x
larger than for the three-dimensional limit.>*** This results
in two-dimensional-exciton binding energies of ~ 20 meV
for the electron-heavy-hole exciton and ~ 13 meV for the
electron-light-hole exciton.?® The 4 X increase over the
three-dimensional case is expected in the limit of two-dimen-
sional confinement and will be reduced to 1 X as the layer
thickness is increased to the bulk limit. For layer thicknesses
less than the bulk-exciton diameter (~ 240 A e-hh, ~ 340 A
e-lh ), the factor of 4 X continues to agree well with photolu-
minescence data;this is in contrast to earlier absorption mea-
surements (on crystals grown by MBE)| that indicate an en-
hancement of oniy ~ 2 X in the exciton binding energy for
L, <100 A.** The data of Fig. 6 and other low-level cw and
laser data®* on rectangular cicaved samples indicate that the
two-dimensional exciton can be involved in recombination
in these quantum-well heterostructures.

In order to determine how closely the low-energy
phonon-sideband laser modes observed in the data from the
(1-7) 200-50-A QWH (Figs. 3-6) are related to the confined-
carrier transitions, a number of samples with a thicker GaAs
layer substituted in place of the “large" L,, ~ 200-A well
have been employed. As the layer size L,, is increased. the
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behavior of the larger well shifts more toward bulk GaAs;
the confined-carrier states then become very closely spaced
and the n = 1 transition is very nearly degenerate with £, .
The uncertainty in assigning an edge or origin for phonon-
sideband laser operation s thus greatly decreased. Thisis the
casefor L, ~500A.

An example of the emission spectra (77 K) of the (1-7)
$00-50-A QWH sample tiil is shown in Fig. 7. The cw spec-
trum [curveia). 1.2 x 10" W/cm*] exhibits laser operation on
a phonon sideband of the n' = 1’ transition of the 500-A
quantum well. Spontaneous emission peaks as seen in Figs.
3.5.and 6 arealso observed. At a pulsed excitation of § x 10*
W/cm’, curve (b), the same sample lases strongly in the
range of the phonon sidebands of then = 1, 1°,2,2°,3, and 3’
transitions of the L,, ~500-A layer. A narrower sample
[curve (c), 8 x 10 W/cm°], with higher cavity losses, is used
to force laser operation up in energy to the lowest confined-
carrnier transitions to enable their identification.

A design modification on the (1-7} 500-50-A QWH is
achieved by introducing a second phonon-generating and -
reflecting array of seven L,, ~ 50-A quantum wells on the
othersideofthe L,, ~ 500-A-thick GaAslayer. The result is
a(7-1-7) 50-500-50-A structure in which ~ 58% of the
GaAs in the active region is in the small-well array portion.
Any reflection of LO phonons by the twin S0 A-well arrays
should tend 1o localize the LO phonons in the vicinity of the
L., ~500-A-thicker layer and strongly affect the recombi-
nation radiation spectrum. Typical pulsed room-tempera-
ture photoluminescence spectra are shown in Fig. 8. The
bars numbered 1-5 are the locations of the five lowest-ener-
g) electron-10-heavy-hole transitions of the 500-A quantum
well At10° W/cm®, curve a), laser threshold occurs ~ Aw,
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lower in energy than the n = 1 transition. Slight ringing is
also observed in the energy range of the n = 2 transition. An
increase in excitation level to 2 x 10* W/cm’, curve by, re-
sults in intense laser operation on the phonon sideband of the
lowest confined-particle transitions and also weaker laser
modes between the n = 1 and n = 4 transitions. Note that
the data of Figs. 7 and 8 exhibit laser operation ~ fiw, , low-
er in energy than the lowest-energy laser emission expected
due to band-to-band recombination in bulk, undoped GaAs.
This emission occurs at a transition energy in which no states
exist in these structures. As mentioned earlier, both of these
samples are undoped (1, — n, £10'* em ~ ). Therefore this
laser operation is not impurity related. since 2 10'" cm ™'
impurities are necessary for GaAs to lase on a band-to-impu-
rity transition.”” The emission spectra of Figs. 7 and 8 estab-
lish that phonon-sideband laser operation can be achieved in
a GaAs laser of nearly bulk dimensions (~ 500 Al that is
sandwiched between Al, Ga, _, As confining layers.
Further increase in the size of the larger GaAs well in

these coupled array heterostructures begins to decrease the
effectiveness of the laser operation of the larger layer. For
these heterostructures {inset of Fig. 3}, as the single larger
well (L,, ) isincreased in size from 200 to 50010 1500 A the
GaAs fraction in the active region represented by the L,

~ 50-A seven-well array decreases from 0.64100.41 100 19.
Assuming that this is roughly the percent of injected elec-
trons that thermalize in the small-well array section, we ex-
pect the number of LO phonons generated by the seven well
L, ~ $0-A array to decrease rapidly with increasing L .
Note that the fraction of electrons that recombine 1n the
array isexpected to be even less than the above estimate since
carriers can tunnel into the larger GaAs layer and scatter to
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FIG & Pulsed room-temperature laser operation of a rectangular (68 = 234
um’ QWH sample with an 2ctive region consisting of a 500-A GaAs well
sandwiched between two arravs of sesen $0-A GaAs wells all of which are
coupled by S0-A Al ,Ga ,As:x= (32 barners At 10° W/cm” al sponta-
neous emission s peaked i the range of the lowest transitions of the 500-A
well 7 = 1.3 with laser modes developing one phonon below the n = 1
tranvition jocated almostat £, At 2 - 10° W/em®, bithe laser operation s
well developed one phonon below the 7 = 1 transition tor E, ). and weaker
laser emission s observed between the n = 1 and n = 4 transitions of the
SO0-A well

still lower energy before recombining. Therefore, in spite of
the fact that the small-well array contributes some recombi-
nation radiatiog. which can serve as a reference, this radi-
ation s relatively weak and has little effect on the lasing
behavior of the larger GaAs layer for L,, < 500 A.

Pulsed room-temperature laser operation of the (1-7)
1500-50-A QWH sample (iii} is shown in Fig. 9. Since the
single L, ~ 1500-A-GaAs layer icoupled to the L, 50-A
array i is defimitely 1n the bulk limit, only the GaAs energy
gap E, is used as a reference for emission originating in the
thick laver. The 1 and 1 bars near 8000 A in Fig. 9 denote the
energies of the first electron-to-light- and -to-heavy-hole
transitions for carners localized in the L,; ~ 50 A seven-
well mululayer. One interesting feature of the datain Fig 9 is
the relatively weak spontaneous emission peak located
~ sy, lower in energy than the L,, ~ 50-A multilayer
transitions n = 1 and n’ = 1". This emission is weak because
of the small fraction 10 19 of the active region GaAs that is
contributed by the $0-A array. The most important feature
of this sample is that it too lases at energies below E,, as far
below as ~ fiu, (,. A1 77 K this heterostructure lases™ at E,
and also exhibits the higher-energy spontaneous reference
peak of Fig 9 This peak, however, is not shified below the
L,. ~50-A n = 1 transition as it is at 300 K, but rather oc-
cursvery nearly onthe n = 1 transition. That both the mului-
layer array and the larger-layer emission shift down in ener-
gy relative to their band-to-band transitions as the lattice

965 J Appl Phys . Vol. 52, No 2, February 1981

temperature is increased indicates that the thermal LO-
phonon occupation number is increased enough to cause
both transitions to operate on phonon sidebands. A further
experiment on a DH wafer with L, ~600 A {all layers un-
doped, n, — n, 510" cm™?) has exhibited a similar tem-
perture dependence.?® Therefore laser operation at
fw~E, — fw, in a DH is considered as originating in
phonon-assisted recombination. The thermal phonons pre-
sent due to the lattice temperature (300 K plus the nonther-
mal LO phonons generated during carrier relaxation are suf-
ficient to produce phonon-sideband laser operation at the
high injection levels characteristic of DH laser operation.
While the data of Fig. 9 indu phonon-sideband
laser operation can be induced by ¢t :ing the thermal LO-
phonon occupation number, the spectra of Fig. 10 demon-
strate that a similar result can be achieved by increasing the
nonthermal phonon occupation number. The cw room-tem-
perature laser spectra of Fig. 10 have both been obtained on
samples from an L, ~80-A six-well, five-barrier (x ~0.30)
QWH. This undoped multiple quantum-well active region
{ng-n, $10' cm~*) is imbedded in an Al_Ga, _, As
(x ~0.4) p-n junction. The (a) spectrum is from a portion of
the wafer processed into simple stripe geometry diodes. In
contrast, the (b) spectrum is from a smaller portion of the
wafer from which both the n-type GaAs substrate and also
the p + GaAs contact layers have been removed. Note that
the diode, 10(a), operates on the phonon-sideband of the
n’ = 1’ transition, while the photoexcited sample operates at
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T 1 1
z
2 Al _Gay_,As-GaAs (7 +8)
% x ~032
L,y ~1500A (1)
L,: ~50A(7)
300 K
§ 36x 108w em2 )
2
E
o
x tu—LO-"
£y \—S/\
H L_
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(3
«

ko "
| I 1 I PRSI B A A j_L

90 85 80
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FIG 9 Pulsed room-temperature photoemission 13.6 x 10* W/cm® 1 of a
sample (41 > 94 um*) whose active region consists of a 1 500-A layer of GaAs
ibulk dimensionsi coupled to an array of seven S0-A GaAs wells The cou-
phing barriers are S0-AAl, Ga, ,Asix=032) A reference spontaneous
spectral bump occurs between the 1-LO and 1'-LO transitions of the $0-A
array. and the sample lases in the range Aw, ,, below the energy gap of bulk
matenal, indicating (from the $0-A-array reference! that phonon-assisted
recombination contributes to emission in heterostructuies with layers as
thick as 1500 A
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much lower energy, ~ 2xfiw, o below the » = | transition.
The important difference between the diode and the photo-
luminescence sample, other than the method of excitation, is
the optical cavity size. The diode is 223 um long, while the
photoexcited sample is 22 um in width and has nearly ten
times larger cavity end Joss than the diode. Two factors enter
into the laser operation of very narrow samples: (1) bandfill-
ing tends to increase the lasing energy, and (2} the increased
density of electron-hole-pairs necessary to attain laser
threshold gives rise to an increase in the nonthermal LO
phonon occupation number and increases the probability of
phonon-asssisted laser operation, thus decreasing the lasing
energy. Inorder toachieve laser threshold [101a). ~ 2.4 10°
A/cm’; 10(b), ~7.9X 10" A/cm? equivalent current densi-
ty]. the narrow photoexcited sample must be driven to more
than three times the power density necessary for laser oper-
ation of the diode. Therefore in this sample the larger nonth-
ermal phonon occupation number made possible by the
higher laser threshold density induces lower-energy
phonon-assisted laser operation.

While the data of Figs. 3-10 have focused on the laser
behavior of QWH's, the low-level spontaneous emission
spectra of these samples also provide insight into the QWH
behavior. Typical 77 K spontaneous emission spectra for six

Energy (eV)
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Al,Gay_, As-GaAs (5 + 6

E x~030

§ L,~80A
3

- 300 K (CW)

o 24% 103 Aem2

o 79 %103

1-2L0
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Eg i
: l a__ |
i b) —— _ |
I —_ A 1 » ﬂ
8.8 86 84

Wavelength (103A)

FIG 10 Companson of cw room-temperature laser operation of a drode
and a photoexcited sample from the same QWH matenial Theactive region
consisting of six 80-A GaAs quantum wells separated by five 80-A
Al,Ga, ,As(x=0.30) barriers 1s undoped (7, - #, < 10" cm " ‘jand 1s
sandwiched between an n- and p-type confiming layer of Al Ga, ,As
(x= 0 40; The diode [a], 2.4 % 10" A/cm’i] lases fw,,, below the n' = |’
transition, while the photopumped sample [bl. 79 x 10° A/cm’), wath the
substrate and contact layers removed. lases at energy 2Aw, , below the

n = | transition {1-2LO transition) Note also the spontaneous bump near
then = §tr on the photopumped emission spectrum
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N

various QWH's are shown in Fig. 11. Curves {a), (b}, and (c}
are from the quantum-well structures consisting of a large
GaAs quantum well (or wells as in (c}] coupled to a phonon-
generating and -reflecting array of thinner GaAs layers. The
remaining three spectra are from degenerate-case structures
of uniform layer thickness (curve (d), six wells + five bar-
riers, L, ~ 120 A; curve (¢) four wells + three barriers, L,
~80 A; curve (), six wells + five barriers, L,~50 A) and
serve as comparisons for the emission from the first three
QWH's. The confined-carrier transitions are labeled for
each spectrum, as are phonon spacings, and the two-dimen-
sional exciton transitions relativeton = 1 (Ajand ton' = I’
(B).

A noticeable feature of these spectra is that the samples

containing GaAs layers of different sizes (L,, and L,, | exhib-
it two emission peaks, one related to each well size, while the
degenerate case samples [curves (d), (e}, (f] each have one
dominant peak. Only in the case of the six-well (6} 50-A de-
generate structure, curve (f) is the spontaneous peak lower
(2xfiw, o ) in energy than the lowest confined-carrier transi-
tion (A ~ 7600 A . This behavior is possibly due to the better
phonon confinement that is believed to exist in a 50-A-layer
QWH as discussed below. 1t is interesting to compare this
emission [(f), six-well, L, ~ 50 A] with that of the {1-7; 200-
S0-A structure, curve (a), which also contains a 50-A multi-
layer array. Note that the spontaneous emission from the
multilayer array portion of curve (a}, A ~ 7800 A, is not as
low in energy as that from the degenerate case curve (f),
A ~8000 A, indicating that the carriers in the (1-7) structure
are more likely to scatter to the 200 A well than recombine
on a sideband 2xfiw, , lower in energy than the 50-A n = 1
transitions.

An important feature of these spectra is that the exis-
tence of two peaks in the (1-7)and (1-6-1) QWH's are likely
{because of spectral broadening) to lead to relatively ineffi-
cient laser operation of these structures. The broadening of
the emission into two peaks is due to the spatial separation of
theelectron-hole pairsin the QWH (in L,, andinnL ;). This
broadened emission implies both a spatial and an energetic
line broadening (an inhomogeneous line). Asthe L,, and L,
GaAs layer sizes are chosen to approach the same thickness
{ta) to (b} to {c)]. the broadening in the emission is decreased
uatil finally the degenerate case {iL,, = L,, = L,:{d).(e), and
(0] results. Thus while the case of nondegenerate structures
can be designed to demonstrate LO-phonon effects and are
interesting light emitters, their usefulness as efficient lasers is
questionable because the emission linewidth is artificially
broadened.

IV. DISCUSSION

A complete thearetical description of the effects de-
scribed above is difficult for several reasons. For example,
not much is known about the mean free path of phonons
under the condition of high excitation,™ or about multi-
phonon emission, or in general about indirect optical transi-
tions in a direct semiconductor. Usually it is agreed that
indirect transitions, i.e., transitions involving phonons and
photons, are negligible in direct materials if the electron-
phonon coupling constant is small as it is in GaAs.”® This

Vojak of o/, 966




Energy (eV)
146 152 158 164
T T
Al Gay. ,As-GaAs

77K
it L O — bt | O — bt | O — bt~ L O —i

A e L O v O —tba— [ 0 —

>
z £
€ 1 440 50 \ 200-50 A
3 RN -n
, oen ’ AN
L et TN e e -
" 2 2 3-v 3-1
| | | —
te—LO
# ™ 160- 80 &
AfB -7
[
S —
1 180: 2180
J 1
g 120-80-120 \
i A B"_ LO =] (1-6-1
£

2o tix0dwem?
l W'

—L0—* —
1 1
-4 | ! e 1 1 l P 1 1 {
B a 8?2 80 78 76

Wave eng'h - 103 Ay
FIG 11 Photopumped spontaneous emission spectra (cw. 77 K of six dif-
ferent multiple-quantum-well heterostructures. The arrows marked A are
located 20 meV below the n = 1 electron-to-heavy-hole transttions, corre-
sponding to the esimated binding energy of a two-dimensional electron-
heavy-hole exciton Similarly, the arrows marked B are located 13 meV
below thn = | electron-to~-hght-hole transitions, corresponding to the
estimated binding energy of a two-dimensional electron-light-hole exciton.
The confined-particle-transition markers for each heterostructure are lo-
cated beneath each spectrum. the active-layer structure is designated to the
nght of each spectrum For example, spectrum a) (260 W/cm?) is from a
heterostructure with an active region consisting of one 200-A GaAs well
and even 50-A GaAs wells, all of which are coupled by S0-A Al,Ga, _ , As
barners

argument does not hold for high excitation levels since the
average phonon occupation number which appears in the
matrix elements for indirect transitions increases rapidly,
resulting in a high “effective” electron-phonon interaction.
This should be generally true and the effect should give
important contributions to the optical constants under high
excitation conditions, for example, as encountered in the
parallel case of laser annealing. Before describing our choice
of sample geometries to enhance the phonon effects, we
would like to emphasize that previous studies have shown
that size-quantization effects tend to favor a nonthermal
phonon occupation. This occurs because of the two-dimen-
sional density of states,’ a slight increase in the electron-
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phonon coupling constant,” and the high-power densities
*“compressed” into a relatively small volume 2*%* (the QWH
active region). Below we describe the criteria that have guid-
ed the choice of the sample geometry.

In spite of the fact that not much is known about
phonon-phonon interactions, the phonon mean free path at
high excitation levels, and the direction of maximum emis-
sion intensity, we assume that layers with dimensions of a
multiple of the phonon wavelength at the maximum phonon
intensity would reflect and confine most. The wavelength of
maximum intensity of phonons emitted perpendicular to the
layers can be determined in the following way: Previous cal-
culations” show that the emission probability for phonons
(perpendicular to the layers| 1s a monotonically decreasing
function of g if free-carrier screening is not taken into ac-
count. A two-dimensional analysis shows that ali wave-
lengths longer than 2aj, = 160 A are effectively screened,
where g is the effective Bohr radius. Therefore we expect a
maximum in the phonon intensity at wavelengths near 2a;,.
The emission probability parallel 1o the layers {again for qua-
si-two-dimensional electrons) shows two distinct peaks."
The peak at the jonger wavelength is again almost certainly
screened. The peak at the shorter wavelength occurs as given
in Ref. 8 at

g=252x10"m' *[t+(1 = 1/m “Jem~". N

Here we have used the material constants of GaAs. The inte-
ger m corresponds to the energy m#iw, , above the bottom of
the quantum-well subband from where the electron cascades
downward in thermalizing. Using the above expression, we
obtain as a typical wavelength and thus layer or well size the
values shown in Table 1. These values have been used as
guidelines in the choice of sample dimensions.

V. CONCLUSIONS

A series of experiments have been described above to
determine the extent of LO-phonon contribution to metalor-
ganic chemical vapor deposited Al, Ga, _ , As-GaAs quan-
tum-well-heterostructure (QWH) laser operation. The un-
doped photoluminescence structures studied have active
regions consisting of a large GaAs quantum well (L,, ), or in
some cases a bulk layer (L, >500 A}, coupled to a small-well
(L,,) multilayer array. Phonons generated during carrier

TABLE I Phonon wavelengths at which the emission probability paraliel
10 QWH layers exhibits a short wavelength peak (Eq. 11 (Owing to screen-

ing, longer wavelength peaks are not tncluded Them = | 4 ~250-A
phonon 1s also expected to be screened while the rest are not.}

3

A=2n/q A

(=20 JEVIN- SRV GV VR
w
A=)
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thermalization in the multilayer array have been shown to
induce phonon-sideband laser operation of the larger GaAs
layer. In undoped structures with the large-well dimension
L,, ~500A, the phonon-sideband emission is in the range
fiw ~ E; — Aw, : that is.the emission is ~fiw, , lowerinen-
ergy than the lowest transition allowed in bulk (undoped)
GaAs. Phonon-sideband laser operation has been shown to
be induced by an increase in either the thermal or the non-
thermal LO-phonon occupation number. In fact, the in-
crease in the thermal phonon occupation number at 300 K
over that at 77 K has been shown to result in phonon-side-
band laser operation of a bulk GaAs active layer in the size
range of standard double heterojunctions (L,, ~ 1500 A|.
While these heterostructures, which contain a large quan-
tum well coupled to a thin multilayer array, are useful in
understanding phonon-sideband laser operation. they are
not likely to be the most efficient lasers because of the artifi-
cially created line broadening resulting from two different
quantum-well sizes. The MO-CVD QWH wafers used in this
work have been designed to optimize the auxiliary phonon-
generating and -reflecting arrays coupled to the larger GaAs
quantum-well active layers. The optimization has been ac-
complished by choosing the array layer size equal to the
wavelengths of the phonons with maximum emission
probability.
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QUENCHING OF STIMULATED PHONON EMISSION IN Al,Ga, _, As—GaAs
QUANTUM-WELL HETEROSTRUCTURES
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Data are presented on MO—CVD Al,Ga,_, As~GaAs multiple quantum-
well heterostructures (QWH's) consisting of a large GaAs well (500 &)
coupled to one or two arrays of smaller wells (50 A) that act, when photo-
pumped. as phonon sources and resonators. These data show that the
induced phonon-sideband laser operation of the larger well is quenched
when the phonon-generating array, but not the larger well, is destroyed

by thermal annealing. An estimate of the electron—phonon coupling
coefficient for indirect optical transitions is presented, indicating enhanced
coupling with increased phonon density and establishing a basis for

stimulated phonon emission in QWH's.

PHONONS, JUST AS PHOTONS, are bosons and have a
basis to be involved in stimulated emission. For LO
phonons in GaAs (or Al,Ga,_, As) it is not a straight-
forward matter, however, to observe strimulated phonon
emission (hwyo ~ 36 meV). In earlier work 1, 2] we
have pointed out that an Al,Ga,_, As—GaAs multiple
quantum-well heterostructure (QWH) can form a
phonon resonator, and thus assist stimulated phonon
emission. Such a resonator consisting of an array of
7L,, ~ 50 A GaAs quantum wells coupled by 6 Lg ~
SOA Al,Ga,_, As barriets has been coupled with one
more barrier (Lg ~ S0 A) to a singe larger GaAs
“detector”-well (L,2 ~ 200 or 500 A) and, when photo-
pumped, has been used to induce phonon-sideband laser
operation one phonon (hwy o) below the confined.
carrier transitions of the larger GaAs quantum well(s)
{3-5]. In this paper we show that the phonon-
generating small-well array can be “destroyed” (Q
spoiled), and the induced phonon-sideband laser
operation of the larger well, which remains intact, is
quenched. The induced phonon-sideband laser operation
that occurs when the quasi-two-dimensional (as-grown)
layered structure is preserved is consistent with an
estimate, described here, showing that the effective
electron—phonon coupling constant for indirect

(intraband) optical transitions is enhanced at higher
phonon occupancy, NV,. These results confirm that
stimulated phonon emission is supported by a multiple
quantum-well resonator.

The quantum-well heterostructures of this work
have been grown (750°C) by metalorganic chemical
vapor deposition (MO—CVD) as described extensively
elsewhere [6, 7]. In the present work some of the
samples of [3] are employed; also another comple-
mentary set of samples is used consisting of two 7-well
(L3~ 50 A) resonators coupled (by Lg ~ 50 A barriers)
onto either side of an L,; ~ 500 A GaAs “detector”
well. Rectangular samples from both wafers are heat
sunk in In under sapphire windows and are photo-
dumped with an Ar* laser (5145 A).

The bevel cross-section [8], at the shallow angle
0.41°, of Fig. 1(a) shows (arrows) the small-well
resonator section of the as-grown wafer of [3]. The
larger well (L, ~ SO0 A) is obvious below the small-
well resonator. It is identified in (c) by the arrows. The
resonator, which photopumped is a phonon source {3},
constitutes 58% of the heterostructure active region and,
because of its thin layer size (L,, ~ 50 &, Ly ~ SO A),
can be destroyed by thermal annealing without damag-
ing the larger well. Bevel cross-section (b), which is at a
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Fig. 1. Beveled and stained cross sections of an MO—CVD multiple quantum-well heterostructure (QWH). The bevel

angle (6 <0.5 ®Y is slightly different for each cross section,

resulting in the scale factors 140, 125 and 130. Cross

section (a) shows the as-grown active region with seven S0 A GaAs wells (arrows) and one 500 A GaAs well coupled
by seven SOA Al,Ga,_,As (x ~ 04) barriers. The array of 50 A wells (a) are smeared after annealing for 1 hr a1

850 C (b), and are no long visible after 1 hr at 950°C (c).
by the arrows in (c).
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Fig. 2. CW emission spectra (77 K) of photopumped
samples (Ar°, 5145 A) from the QWH of Fig. 1. The
dark and hght markers on the horizontal axis correspond
to ¢ ~+ hh (n) and e -+ Ik (n') transitions. Luminescence
from the as-grown QWH (a) peaks one phonon below the
lowest states of the 50 A wells (~ 7750 A) and more
strongly below and near £, with, moreover, laser
operation one phonon below E,. After sample annealing
1 hr at 850°C r b) luminescence *from the SO A wells dis-
appears, and laser operation near threshold moves up to
E,. The emission and laser operation moves to still
tugher energy (c) after sample annealing at 925°C for

The 500 A well, however, can still be seen and is marked
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Fig. 3. Laser operation (pulsed, 77 K) of a QWH similar
to that of Figs. 1 and 2, but with seven 50 A wells and
seven 50 A barriers on both sides of the S00 A well. The
as-grown sample (a) lases strongly one phonon below
E,; after sample annealing for 1 hr at 850°C and smear-
ing of the small wells (b) laser emissiv 1 is cut off below
E, and shifts to the lowest transitions (L, ; ~ E,) of
the 500 A GaAs well. After sample annealing of fheat
925°C (c), stimulated emission shifts to still higher
energy (see text).
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slightly larger angle (0.46°) than (a), shows that after
thermal annealing for 1 hr at 850°C the small quantum
wells are still apparent but smeared and fainter; after

1 hr at 925°C (cross-section (c), 0.44°) the interdiffusion
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the average phonon occupation number, N, is increased
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of Al and Ga (over a distance of ~ 50 A) is sufficiently
complete {9] so that the ~ 700 A small-well section
vanishes, and the phonon-resonator Q is spoiled.

Note that the large well of Fig. 1 (identified by
arrows in (c)) is basically intact after thermal annealing
and, in fact, still functions as a photopumped laser. This
is shown by the data (77 K) of Fig. 2 and by the data of
Fig. 3, which are for a structure like that of Figs. 1 and 2
but with a 7-well resonator coupled to either side of the
large GaAs well. Note that in both cases induced
phonon-sideband laser operation [3] of the larger well is
clear in the case of the as-grown wafers (Figs. 2(a) and
3(a)). This is shown by the LO markers that extend
from ~ E, — hwyo to ~ £, which is where, because of
the large well size (500 A), the lowest electron-to-heavy-
hole (e = hh, n) and electron-to-light-hole (e = Ih, n')
transitions asymptote (£, y' ~ £E,). For both wafers the
first stage of annealing (850°C, 1 hr) causes the laser
operation to shift to hw ~ E, from hw ~ E; — hwyo.
Also, it is important to note in Fig. 2(b), compared to
Fig. 2(a), that recombination radiation one phonon
below the n = 1, n' = |’ transitions (7750 A) of the
small-well resonator (labeled 7-1 and 6'-1') vanishes, It is
clear that the small-well section after annealing no longer
serves as before as a phonon source and resonator. As a
consequence the laser operation of the big well receives
slight if any auxiliary stimulation and loses its phonon
sideband at £,—-hw 0.

It is evident from curves (c) of Figs. 2 and 3 that
thermal annealing of the wafers at 925°C for 1 hr not
only totally destroys the small-well phonon resonators
(Fig. 1(c)) but also shrinks the larger (~ 500 A) GaAs
quantum well, shifts it somewhat towards Al,Ga,_, As,
and moves the recombination radiation well above
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E4(GaAs). No sign of phonon-sideband laser operation
(hw ~ Eg — hwy o) is evident after thermal annealing of
the samples at 850 and 925°C for 1 hr.

The data above make clear that phonon-sideband
laser operation of QWH’s relies upon a strong com-
ponent of phonon generation, not to mention stimulated
phonon emission which makes possible laser operation
of a large well at Eg—hwy o (Figs. 2(a) and 3(a)).
Relative to this point, an interesting question is that of
whether in a quasi-two-dimensional structure the basic
electron—phonon interaction is enhanced, particularly
at higher phonon occupancy, V. The second order
perturbation theory necessary to calculate the phonon-
assisted (indirect) transitions [10] has been reviewed in
detail [11] and can be extended. Analogous to previous
caculations [12] we introduce a damping factor and
calculate in the weak coupling limit. The electron—
phonon interaction is treated for the case of a quasi-two-
dimensional system (size quantization). In addition to the
weak coupling approximation, two other major approxi-
mations have been made: (i) we assume that the value of
the one-electron wavevector is small (electrons close to
I"), which is justified for emission below the lowest
confined-particle states, and (ii) we assume the phonon
occupation Ng to be independent of q. As discussed
elsewhere [4], this is a rather poor approximation but
the inclusion of q dependence does not influence the
result substantially. In many practical cases the phonons
due to stimulated emissjon have relatively small q values
[4] so that real phonon absorption cannot occur for
electrons near I. In Fig. 4 we plot, as a result of these
calculations, the relative electron—phonon coupling con-
stant a(V,g) normalized to a(Ng = 0). It can be seen that
for easily obtainable values of Ng (1, 2] the coupling is
enhanced by almost an order of i.aagnitude. This means
that the weak polar coupling of GaAs is enhanced by an
order of magnitude at higher phonon occupancy. In
other words, GaAs quantum wells behave, at the high
pumping intensities characteristic of this work (and of
double heterostructure laser operation) [13],in a
manner similar to strongly coupled I1-VI compounds.

It is clear that a basis exists for the type of laser
operation (hw ~ E,(GaAs)-hwpo) shown in Figs. 2(a)
and 3(a). To conclude, we have not attempted to deter-
mine the Q of the phonon resonator sections of the
QWH’s described here because near the Bragg condition
the exact value of reflectivity (and Q) is hard to calcu-
late for a real structure. Nevertheless, it is apparent from
the thermal annealing results described above that the
only basic modification to our as-grown QWH samples is
the spoiling of their small-well array sections and their
ability to act as phonon Bragg reflectors — and thus as
strong auxiliary phonon sources for large-well induced
phonon-sideband laser operation.
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I. INTRODUCTION

Quantum-well heterostructure (QwH) lasers are interesting, first,
for various fundazental reasons (see Ref.l for 2 review) and, second,
because they offer, beyonc ordinary double hetercstructure (DH) lasers,
the practical prospect of improved rooz temperzture continuous (cw 300 K)

. s - - o3
operation, e.g., lesser tecperature sensitivity (lo as high as 437°C)

. . . ; . 4 ; c 1,5-10
as well as improved dynamic properties. In a nucber ¢f pepers
deeling with this form of laser, specificzlly pzpers dezling with
AL Gal xA.s-CaAs QWH's grown by metzlerganic chezieczl vepor depositicen

x
(MO-CVD), we heve reported that phonon participation in the laser

. . . . 12 ) cor e s
operation is e mzjor effect. Others, working with QWE's grown by
mcleculer beaz epitawy (M3BI), cuestion the importance of pheacs pertici-

2

cation in this form of laser. The furcher criticisc has been ciferec
thet the confined-perticle stete identification in the case cf MO-C\D
crvstzls has not been confirmed by absorption mezsurements. This ce—=ent

is not well foundel in view of the fact that the tvsicel MO-CVD A1 Ge
R x

_s-

1-x

Gats QwWH laser structure has a totel thickness of GzAs in the gquentur-well

ective region of less than 1000 A. Bulk-crvstzl Gais cr éirect-gap Alxcal x&s
. . P PR . 4 -1
abscrption coefficients, however, zre of the order ¢f ¢ ~ 10 cz (or

i/z - 1 um), so that 2 typical Alea As-GaAs QWH laser has an insuvificient

l1-x

total thickness of GaAs in the active region (i.e., ~ 1/e¢) for 2 neaning-
ful low-level absorption measurement.

kecently an exception to these erguments, & speciel form of QWH
3 P

laser, has been introduced. Tne exception is an MNO-CVD AlyGal_yAs-GaAsl3




14 : i s i
or Alis-Gahis superlattice (SL) laser. This is a remarrable forzm cf

hetercstructure, because without cenfining lax

er

n

(¢ bere SL) ancd even
vith as many as >200 interfzces (over 100 periods), it is capablie of cw

300 K leser cperation. It is clear that in this case it ig possibdle te

1 "

wn

tack' enough coupled Gakis quanturm wells to give the effect (mzgnitude)
of the usual bulk-crystal absorption. Then abscrption mezsuretents, which
can be coxpared with photoemission measurerents, become practical. Ir this

paper we present such absorption measurements on an MO-CVD AlyGa yAs-Ga!-.s

l..
and an all-binary AlAs-GzAs superlattice, anc compare these teasurements
N with low~level and high-level phctoexission cdate. 7Tre same SL samzles

used for absorption meesurements cen be photopumped and, in fact, exhi:

stimelzted ecission shifred te lower energy below the confined-perticle

abscrpoion ecdge by typicelly the phonon energy - Eu,c.
P 1}

case of Sl's with Aleal yAs courling barriers, an cverelil energy shifc

n abscrption and emission is observecd that can be accounted fer ty alliow

. 15 . ; : e
clustering. Presuzebly these effects have not been chserved con scme MEE

[¥S

samrles (see Refs.l6 and 17 for a discussion), but in recent stizmulated

15,18 ; .1¢,20
7" and MBETT? A.FGa. Lhs-Geis
N Pl 4

)

ecission measurements on cozmparable MO-CVD

.- -

Qwh laser samples we find siziler clustering behavicer, and thus expect aileyw
ciustering owing to the randoz Al-Ga arrangement in Aleal xAs tc be

generally important.

II. CRYSTAL AND SAMPLE PREPARATION

The crystals ezployed in the present work have been grown by the

L . . ) 21,22
basic MO-CVD process described extensively elsewhere. °’ 0f special

irterest is the fact that the ccrmputer-controlled MO-CVD crystal-crowth




process has been used successfully to grow nigh cuzlicy zli~binavy Alfss-

s18,23 14,18,24

Gais QWH' and SL's. Two diZferent MO-CVD SL's are used

in the present work: The first is an EC-periocd ell-binery Alls-Gats SL

with LB(AlAs) -~ 25 & and LZ(G*AS) - 75 &. The SL perioc¢ of LB+LZ - 100 &
agrees both with the MO-CVD crystal-growth-zpparatus czlibration and

. . . e .s e 25
with e shallow-angle slan: cross section of the wafer, The second

wafer is & 12l-period Alea As~Gaas (x ~ 0.5) SL wich the MO-CVD cryszal-

l-x
growth apparatus set to give the cdimensions LB(AlGaAs) - 8C & ancd Lz(GaAS
-~ 80 A. This agrees with the shallow-angle (0.38°) slant cross section

23

wagnificatieon, no herizentel megrificatieon) anc

[

of Fig.1l (150x vartice
2z measured period of L +LZ -~ 160 A. (The shezllow angle, anc¢ thus magnifi-
the stvivs ¢f & Slczn preiilececer
elong the waier surface and cown the polished incline.)

Reference 18 gives 2 more extensive suzmary of zll the methods of
coafirzming the sizes LB’ Lz &né the periocd LB+LZ of ¢ QwZ or SL.  &s
alreacy menticzed, in the present work absoryztion measurements are part ol
this process. For both absorption and photoemission experiments, the Gais
substrate on the as-grown MO-CVD wafers.tthe region below the lower errow

of Fig.l) is removed partly by polishing and then completely by selective

. 26
etching. Generally, rectangular cleaved sa=ples (as narrow even as - 1C

v

are corpressed and heat sunk in In under sapphire windows for 77 K and in

annealed Cu under diamond windows for pulsed and cw 300 K photoexcitation
+ X .-

(Ar laser, ) - 5145 2). For ebsorption mezsuremeats (with a Cary 1l4RI),

and for direct comparison stimulated emissicn measurements, bare SL samples

s



(0.8 vm or 1.9 um thick) of size 22500 um x 22500 1o are attached wizr
a thin lever of vacuuz grease to a sapthire window that is itself heat

sunk over a 2000-um diameter hole in & Cu piate.
111. AlAas-Gahs SUPERLATTICE

From other work on all-binary MO-CVD AlAs-GaAs Qwh's znd Sl's, we

know that it is possible to restrict quantuz-well size fluctuztions, éLz,
18 .

to the range of 2 monolayer (2.83 1). An all-binary AlAs-GaAs SL turns
out then to be an important special case that should make possible an
accurate size-fit (LB’ Lz) to absorp:tion cdata. These data, with an
excellent size-fit to the Lz - 75-&, L_ - 25-£ SL mentionec zbove, zTe
shown by the absorption curves (&) [77 K] and (B) [£.2 K) of Fig.2. Noze

hat, except for & smell shifc, there ig Zittle cdifiference betweern the

e

77-K curve of (&) &ndé the 4.2-K curQe cf (b;. The two mzin lower—-energy
abscrpiion peaks are separatel by the expected n=1 electron-to-heavy-hole
(e~hh) and n'=1' electron-to-light-hole (e+ih) confined-particle transi-
tions. (See Ref.23 for typical cazlculations of these transitions.) Ncte
that these two transitions are expected to involve quasi-two-dimensionzl

exci;pns,z/’za and because of the heavy-hole, light-hole mass cifference

might differ in their downward shift froz the confined-particle transiticns.

These effects are ignored here. It is possible also that broken selection
, 29 .
rules are at issue. These also are ignored.
Of particular interest in Fig.2 are the photoemission curves (c) anc
(¢), which are for the same large-area sample as the absorption curves (e)

and (b). At low-level [(c), 70 V/cmzl, the spontaneous ecission lies very




-

clese te the n=l e-=hh and a'=1'

e+{rL ccnfined-particle transitiocs either
as calculated or as set by the absorpticn measurements. Wner the phote-

. L . . .3 2 . . ; \
puTping ic increased to high level (> 107 W/en™), then as shown by curve (&
wrd 24 s C . X A
{1¢ /em”] the emission nerrows (modes appeer but are not resolvable con

4]
~

the scale of Fig.2) and shifts by the phonon energy - 3% zeV telow

“7Lo
the n=1 e~hh confined-particle transitions. The LC zarxers in the figure
set a natural energy scele and serve as references. Clearly this behavior

-1 , .
1,5-10 3 w/cmzl shows fcr enother

agrees with past work. Curve (d) [1l0
sacple, a rectangular sample measuring 63 vz x 230 ¢z, thet this behavior
is indeed quite general.

Tigure 3 chows that the 77-K behavior of the all-tinary AlAs-Cais

shifzs zs expected to ..ower energv tv T {(77)-% (320 -~ €I =sV. Alsc ¢
lower energy shoulder <evelcps on the higher energy ©='=1" e—=ih teak.
This may be related o the lcower recduced mass ¢f the e-i1h exciton, Its

erger effective radius, and perhaps core cozplicatzed behevior iz the
cuasi-two-dimensionzl SL structure at higher lazttice temperz:ture. &lsc,
brcken selection rules may be imperrtant.

Curve (b) [140 w/cmz] of Fig.3 shows the low-level cw 300-X phctoemiss~
ion of‘a 63 wn x 190 vw rectangular sacple. This sgontazneous etissior is
located essentizlly right en the n=l e=hh anc the n'=1" e—~ih transitieas.
Mcre interesting is the cw 300-K laser operation of the 30 vm x 170 um
sample of curve (c). This laser emission agrees with that of Fig.2 and
occurs = EWLO below the n=1 e-+hht conf{.ned-particle transitions. This

N : : 1
tehavior is general and agrees with pas:t work.

T WO de Wt oW s




IV, & G As-Gais SUPERLATTICE
X l-x

In 2ost respects the behavior c¢f the lll-perioc MU-CVD Al Ge
GzAs SL cescribed in Sec.ll is sirilier te thet ¢i the E0-tericéd Alis-Gais
S of Figs.2 and 3. The ebscrpticn znd the emicseicn behavier 2z 77 K are
shown in Fig.4. Although this 121-pericé ellov-barrier SL was grown, &and

vas measured (Fig.l), to have sizes L_ - 80 A and 1L -~ &C &, this Gaks

13
N

well size does not fit the calculated pesitions cf the confiped-particle
t 4

trancitions. A remzrkable fit existe, however, for well size L; - 03z

(ené the L - 93-A4 varkers of Tigs.< ancd 5). Note that Ly dces not strongly
ce . ) ., .y . 23 ..,

z¥fect the celculation of the confinei-tarticle szates. ALY cf the

ebserprien peaks of curve (g) [77 K) in Fig.4 btasicelly zgree with the

transiticns n=l (e-hkr), n'=1l' (e—=ih), n=2 (e=~nn}, &ni n'=2' (e=i%). Thre
2C.
P = Py - ¢ R S} - P Ters e, 2 m e -t -
szmz2l peex &t & ~ 75-C A, which again mev irvolve troken selection Tules,
ig igncreld tecause zt 300 K [curve (2) cf Fig.2, it ig narélwr noticeetle
- 1 -

Tne ©.'=.' e-ih peak of Fig.Z isc somewhat lower in energy than expected, put
this zight be reascnable because cf the smzller recucec mass of the e-ih
exciton, its greater racdius, and the possibly greazter influence on it of

y

Gaas (or 41lAs) clustering in the allov coupling barriers.

Just as for the large abscrption sazple of Fig.2, when the Sl-zbsorp-

o

tion sample of Fig.4 is photoexcited a2t low-level [curve (¢), 70 W/ez™],
F £ P

the emission is located only slightly lower in energy than the n=1l e-~hhk and

. . - . S ... 2.
n'=1l' e-+{h transitions. More important, at high-level [curve (&), 107 W/ex"]

the emission narfows, is stimulated (with closely spaced unresolved modes),
axé shifts - ﬁwLO lower in energy than the n=1 e~hh transiticns. For

compariscen the laser behavior of a smzller rectanguler saople (23 vm x 15C o




is shown by curve (e) [10S w/cmZ]. The stizmulated emission of this sazgple

2lsc is shifted -~ E“LO below the lowest confinec-particle transitions.
The 300 K behavior of the 12l-perioc alloy-tarrier SL wafer is showtn

in Fig.5 and is consistent with the 77-K (and 4.2-K) data of Tig.4. &4s

expected the 300 K absorption curve (&) ic shifred to lower energy from 77 K

by Eg(77)-Eg(300) - 85 meV. Otherwise 21l the basic absorption peaks remzin

the same and merely shift downward in energy. Because the absorption

sample (a), ;s for the similar case of Fig.3, is pot properly heat sunk for

cw 300-K photoexcitation, two other samples are exzplcyved for this purpose.

Tne low-level emission of 2 60 um x 270 pz szz=ple is shown by curve (b)

[90 V/cmz] and is seen to be well ceutered con the n=1 e+hh ané n'=1' e-th

transitions. A4 longer anc somewhat narrowe ut x 410 vz) is

ia
L]
m
3]
&
bt
m
~~~
w
o>

used for high-level photcpurping andé exhitbtits the laser operzticn shownm by

F - 3 v 2
curve (c) [7.35x10° W/ ez

th

1. The cw 300 K laser cperaticn ¢ curve (¢) is ¢

: . . e v s . .3

itself interesting because the laser threshcld ies the eguivelent cof ~ 2xiT
2 . . . .

A/cn”, which is remarkable for a structure with 2x121 heterointerfaces.

Also, clearly the laser operation is - fu o below the n=1 e~hh treasitions.

L

V. DISCUSSION AND CONCLUSIONS

-The data above make it clear that the phonon participaticn in the SL
laser operation does not depend uporn the coupling barrier composition, i.e.,
on wherther the coupling barriers are binary or alloy crystel (clustered cor
not), The 12l-period SL crystal with ternary coupling barriers appears,
however, to exhibit larger virtual quantum~-well sizes (L; > Lz) than the

15,18-20

size Lz intended or measured. We propose, as earlier, that this

behavior occurs because of the compositional cdisorder c¢f the coupling

e —— - AL

— e e e




R . . . 18&-20 . . N .
barriers. As ir previous work, we ‘introecuce & sincle raadom-number

numerical procedure 1o sizulete the formaticon of Al-rich ans Al-denleced
ol

aggregates (clusters). The czly assumpticn in this numericel simulation

h

is that the coupling-barrier compositicn fluctuztes preferentizlly in the

4}

direction of the crystal growth. This is not unreasonable since the
epitaxiel crystzl growth is slow in the [108] direction, and on the low-
index (100) surface, which is employed here, atome experience considerable

randoz walking (and smoothing of the surface) during the seeding process.

-

Tnus, in the simulation procedure the As atoms are fixed in the zinc-blerce

Cclurmn V sublattice; on the other hand, the Cclumn ITI sublattice sites zre

rh
1)

1i1iec with Al ané Ge eatoms in properticn to their ratic x» - 0.5 but in

manner ceterminec by & weigh:ted unifcrm randez-auzber generztion schexme.

The cluster sizes at the edges of the coupling Serriers /where :tne clusters
i8-20

e S = ¥ y + - P : (e - -n P S el

nzve z larger effect) ancé their distribution are then ce_cuizted.

Kormzlizing properly, we finé in this menner the probetility cf & cerieaiz

effective well size L', or

2
<Li> = {JL-P(LDI/{)PL T, (L)

wnere P(L’) is the probability of finding & well of size L
-~

of course,

~~
ro
~

IP(L;) = 1.

The results'of these numerical calculations, which are repeated suffi-
cientlv to give convergence, are shown in Fig.6 for a SL heving 121 barriers
and a nominal well size of Lz ~ 80 A. As is evident in Fig.6, the noxmina.

ver

size Lz -~ 80 A occurs with lower protability than a well size one monolavw




larger (€3 &). Effective quantuz-well sizes zs lerge eés L; ~ 90 & oceur
with probability only half as great 2s the nomingl size L - &0 A. Besed

on these results (Fiz.6), it is reasonzble tec expect the confined-particle
transitions of the zlloy-barrier SL to eppear lower in ernergy than expected.
We have not taken irnto account the fac: that clusters within the barriers
rather than just at the edges elso plev a role. Imn aéciticn, it is not
knowr whether barrier compesitions near the cirect-incdirect transition of

17

Alea xAs (xc : 0.45) increase the tendency toward zlloy cliustering.

P

Finally, it is worth peaticning that the phcnon-zssisted lzser opera-
tion observed oz the two types of SL's cf this work occurs uncder fairlw
censervative operaticg conditions compared to earlier werk en QWE's

-

possessing small active regions [total LZ(G'as) < 1005 2

I vz enc¢ C.1-0.3 po 22 _Ge. ks cladding levere.™’ © In thic zore commern
% 1-%
tvpe cf neterostructure the high-level photcpuniing generctes cerriere in
A & r &
C e e e 4 1 : )
the 1.1-1.3 we (¢ - 10 ) &1 Gal }As cenfining lZzvers: the cerriers
¥ <i-

m
cr
b

then are coliected, znd thermalize, in & cozpact phonon-gener £ quantunm-
well sctive region. Hence, for similiav excitation levels the szze rnuzber cf
phetons are generatec for laser cperatiom in becth structures but spatially
more spreac out in the SL. In & cecomon QWH the carriers are contazined in

a s:alier volume with z correspendingly larger “t;apped” rhonon censity

that can more strongly influence the recombinetion process. In cther words,
for the same excitation conditions (w/cmz) the densitv c¢f pnonons generatec
in 2 SL is not as great as in the usual QWH; nevertheless, phonoz-assisted

lzser operation is observed in & SL and is even more likely in an ordinary

QwH.
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Absorption and stimulated-emission data (77 and 300 K) are presented
on a 50-period all-binary AlAs-GaAs superlattice (SL) grown by
metalorganic chemical vapor deposition (MO-CVD). Laser operation of the
SL is observed AE~EwLO below the absorption, which corresponds accurately
to the lowest confined-particle transitions determined from the measured
(transmission electron microscope, TEM) barrier and well sizes of LB—120 -

and Lz~160 A.

a)Rockwell International Science Center, Thousand Oaks, CA 91360,




Although ample evidence exists showing that phonon assistance plays

a part in the laser operation of an Alea xAs—GaAs quantum-well hetero-

1-
structure (QWH),l—7 these observations continue to be que_stj.oned.8 (See
Ref.9 for a review of QWH laser operation). A recent criticism of laser
experiments (high-excitation-level experiments) performed on QWH crystals
grown by metalorganic chemical vapor deposition (MO-CVD) is that the
confined-particle state identification, and hence identification of phonon
participation, has not been confirmed by absorption measurements.10 This
comzent is not well founded when it is recalled that absorption measure-
ments are commonly made at low signal levels, and in the case of an

Alea xAs-GaAs QWH the active region contains usually less than 1000 & of

1~
total GaAs quantum well region.9 This is to be compared to a direct-gap
bulk-crystal absorption coefficient of typically o - 104 cm—l, or 1/a ~ 1 um,
which is not matched by the <1000 & of GaAs in an ordinary QWH.

For an absorption measurement to be convenient, a large number of
GaAs quantum wells is required, for example, as occurs in a sﬁperlattice
(SL). As recently shown,11 this type of heterostructure can, in fact, be
operated as a laser, and, of course, absorption measurements are possible
on a SL of appreciable GaAs content. In this paper we describe absorption
and stimulated emission measurements, the latter with phon;u assistance, on
a 50-period all-binary MO-CVD AlAs~GaAs superlattice.lz—la We confirm the
positions (energy) of the electron~to-heavy-hole (e+hh) and electron-to-
light-hole (e»fh) confined-particle transitions via the absorption data
and independently via calculations15 based on the measured (transmission
electron micruscope, TEM) barrier (LB~120 R)and well sizes (Lz~160 R) of the

SL. (These results can be compared, of course, with luminescence measurements

on narrow samples that also reveal the confined-particle transitions; e.g.,

sce Fig.l4 of Ref.9,)




The SL crystals of intcrest here have been grown by the basic MO-CVD

16 . . .
W17 Of particular interest is

process described in detail elsewhere,
the recent demonstration that the MO-CVD process can be used to grow, in

addition to GaAs and Alea xAs, high quality AlAs layers,lA and thus AlAs-

1-
GaAs SL's. 1In the present case an all-binary 50-period SL with LB~120-A
AlAs coupling barriers and Lz"l60—ﬁ GaAs quantum wells is grown on a thi?k
GaAs substrate and is capped with ~3 um of GaAs. This configuration makes
possible preparation of thin samples normal to a cleave edge for accurate
TEM measurements of the ultra thin layer sizes LB and Lz. The results of
these measurements are shown in Fig.l (L_-120 &, L ~160 &) and are used, as
(sirply and reliably)
described in Ref.15, to calculate’ the locations of the various e»hh (n)
and e»>fh (n') confined-particle transitions. These are shown by dark and
light marxers on the horizontal axes of Figs.2 and 3.

For absorption and emission measurements the GaAs cap layer and the
substrate are removed from the MO-CVD wafer, thus leaving a bare SL. A
large 0.25 x 0.33 cm2 rectangle is used for absorption measurements (made
with a Cary 14 RI). For this purpose the sample is attached with grease to
a sapphire, which in turn is fastened on a Cu plate over a 0.2 cm diameter
hole. Because sapphire is a good low temperature heat conductor, absorption
samples are used also for 77-K emission measurements (pulsed excitation).
Much smaller cleaved rectangles of the bare SL are compressed under a
diamond window into annealed Cu for cw 300-K (and 77-K) photopumped laser
operation (Ar+ laser photoexcitation, 5145 ).

Figure 2 shows (a) the 300 K absorption behavior of the bare all-binary

SL; (b) and (c) show the cw 300 K laser operation of a 40-um x 95-um and a




15-um x 415-um sample [J(equiv) - 3.9x103 A/cm2]. The structure in the
absorption curve and the positions of the confined-particle transitions
basically agree. Other data on SL samples with smaller values of Lz(<100 &)
show that the main absorption at transitions n=1 (e+hh) and n'=1l' (e+1h}
can be resolved into two peaks,18 but here this is not the case because of
the large value of Lz and possibly because of some size variation from well
to well. If alloy barriers (Aleal_xAs) are employed, then the well-size
variation (an increase) and shift of the absorption to lower energies, with
1 and 1' movingcloser together, is greater because of alloy clustering,18
which, of ccurse, is not a problem in the present work. Most important,
the data of Fig.2 make it clear that the SL laser operation [curves (b) and

(c)] occurs AE-hHw o below the fundamental absorption [curve (a)] and the

L
corresponding n=1 e+hh and n'=1' e»>t¢h transitions.

The 77-K absorption data of Fig.3 [curve (a)] agree with the 300-K
data of Fig.2, with, as expected, a spectral shift to higher energy of
Eg(77)—Eg(300) ~ 85 meV. As already mentioned, it is possible (77 K) to
photopump the large absorption sample and examine it in emission {curves (b)
and (c)]. When this is done, a peak labeled A [curve (b)] is commonly

observed ~10 meV below the n=1 e+hh transition. The possibility that this

peak is caused by exciton effects has been raised earlier.19 Recently

the proposal has been made that at AE-10 meV other mechanisms become important
in the quasi-two-dimensional case.zo Because peak A is identifiable at lower
level [curve (b)] and at higher level {[curve (c)], a more remote possibility
is the c¢ffect discussed in Ref.21., This (peak A) is not our main concern here,
however, and in any case it is possible to observe on a much smaller sample

(55 um x 170 um) low-level emission centered right on the n=1, n'=1l' transi-

tions [curve (d), 100 WIcmZ].




More important for present purposes is the high-level emission at 77 I
4
of the large absorption sample [curve (c), 9x10 W/cmZ] and that of a much

smaller sample [30 um x 235 pm, curve (e), 1.5 x 10S w/cmz]. In both cases

laser emission is observed AE ~ﬁwL0 = 36 meV below the n=1 e-hh and n'=1"'
e~%h transitions, not -10 meV as in Refs.20 and 21. The two large modes of
curve (e) are spaced AX - 30 & apart, which agrees with the sample width

of ~30 um. The much smaller mode separation of AX - 5 & (at -8280 &) of
the large absorption sample of curve (c) is at first surprising but, in
fact, agrees with the sample photopumping 150-180 um from an edge.

The AlAs-GaAs SL absorption measurements presented here, not to mention
the accurate size measurements (via TEM) of the SL coupling barriers LB and
GaAs quantum wells Lz' remove any ambiguity or doubt that stimulated
emission in these SL heterostructures occurs with phonon cooperation LE~E;LO
below the lowest confined-particle transitions. Note that in an ordinary
QWH the excess-carrier (and phonon) "filling' of the active region is ten
or more times larger (because of the more compact size of the QWH active
region) ard thus ic more prone to exhibit phonon-assisted laser operation -
than even a SL.

For various contributions to this work we wish to thank K. Hess and
W.D. Laidig, and for technical assistance Yuri S. Moroz, R.T. Gladin, B.L.
Marshall, and B.L. Payne, The work of the I1llinois group has been supported

by NSF Grants No. DMR 79-09991 and No. DMR 77-23999. The work of the Rockwell

group has been partially supported by ONR Contract No. N00014-78-C-0711.
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Fig.l

Fig.2

Fig.3

FIGURE CAPTIONS

Transmission electron microscope (TEM) image of part of a 50-period
all-binary AlAs-GaAs superlattice (SL) grown by MO-CVD., The light
layers are AlAs of size LB~120 &; the dark layers are GaAs of size

L ~160 A.
z

Room temperature absorption data (a) and the lower energy (AE~HwL

o)

cw laser emission (b) and (c) of the 50-period all-binary MO-CVD
AlAs-GaAs superlattice (SL) of Fig.l. [The sample of (b) is a
40 uym x 95 um bare SL and that of (c¢) is a narrower 15 um x 4i5 um

bare SL.]

77 K absorption data (a), spontaneous emission data (b), (d), and
stimulated emission data (c), (e) of the 50-period all-binary
MO-CVD AlAs-GaAs superlattice (SL) of Fig.l. The data of (2), (b),
and (c) are for a large "absorption sample" of size 2500 um x

3300 pm [same sample as (a) »f Fig.2]. The data of (d) are fo: a

sample of size 55 um x 170 um and for (e) 30 um x 235 ym. Note

that the laser modes of (c) and (e) are AE~ﬁwL0:36 meV below the absorp-

tion of (a), which corresponds to the n=1 e»hh and n'=1' e+th
transitions of the SL. (Note”that the shift in peak A is only

AEA~10 meV.)
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APPENDIX IV

Laser Emission from GaAlAs/GaAs Superlattices

Continuous Room-Temperature Photopumped Laser Operation of Modulation-
Doped Aleal_xAs/GaAs Superlattices, P. D. Dapkus, J. J. Coleman,

W. D. Laidig, N. Holonyak, Jr., B. A. Vojak, and K. Hess, Appl.

Phys. Lett. 38, 118 (1981).
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The low-threshold continuous room-temperature laser operation of a photopumped
metalorganic chemical vapor deposition Al, Ga, _, As-GaAs superlattice is described. The
superlattice, a bare superlattice without cladding or confining layers, consists of 25 140-A

Al Ga, _,As {x ~0.3) coupling barriers doped to a level n, ~7x 10'"/cm* and 25 alternating
undoped 140-A GaAs quantum wells. Low-temperature data (77 K) are presented indicating that
the threshold for phonon-assisted recombination occurs near the excitation level at which the
excess carrier density approaches the built-in carrier density ~ 7 x 10'”/cm” of the superlattice.

PACS numbers: 42.55.Px, 72.20.Fr, 73.60.Fw, 78.55.Ds,

1t has been well established that quantum-well hetero-
structures (QWH) can be grown by several methods and can
be used to shift the laser emission of direct-gap crystals (e.g.,
GaAs, Al Ga, _,As, In, _,Ga,P, _,As,) well above the
bulk-limit band edge. {For a review and a list of references,
see Ref. 1.} It is possible in quantum well to observe laser
emission from various confined-particle transitions. In addi-
tion, recombination one or two phonons below the lowest
optical transitions has also been identified on photopumped
Al,Ga, _ As-GaAs QWH samples'? grown by metalor-
ganic chemical vapor deposition (MO-CVD).** Of further
significance, it has been possible to operate MO-CVD
Al Ga, _,As-GaAs QWH lasers continuously at room
temnperature (cw 300 K) either by photopumping or by injec-
tion.>” None of these QWH lasers has employed a superlat-
tice configuration; in addition, their active regions have been
sandwiched between relatively thick (~ 1 um) pairs of wide-
gap confining layers that serve as low-loss waveguides and
resonators. In contrast, in this letter we describe the low-
threshold cw 300 K laser operation of an MO-CVD
Al, Ga, _, As-GaAs superlattice that is not enclosed be-
tween confining layers and is excited by photopumping. In
other words, laser operation is described (cw 300 K) of a true
artificial crystal, a bare superlattice without any form of
cladding.

The MO-CVD process employed to grow the crystals of
this work has been described extensively elsewhere.’* In the
present work the only basic difference from previous work is
that the GaAs and Al,Ga, _, As growth rates have been
reduced, to the range 2-50 A/s for the former and 2.5-100
A /s for the latter. This makes it practical to grow individual
layers as thin as 10 A. Also, highly accurate superlattices can
be grown as shown by the slant cross section ( ~0.8" angle) of
Fig. 1.
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One period of the superlattice of Fig. 1 is indicated by
the two closely spaced arrows in the center of the figure. The
region between the two arrows labeled a represents 25
Al, Ga, _, As coupling barriers (light layers) of composition
x~0.3 and individual layer thickness L, = 140 A, and 25
alternating GaAs quantum wells (dark layers) of thickness

T a) Y
FYMEL |

.., 20um/70

sl L e e ar @ DO RS
FIG. |. Scanning electron microscope photograph of a beveled and stained
cross section of a superlaitice grown by MO-CVD. The shallow-angle bevel
{ ~0.8°) causes the layers to appear enlarged by a factor of 70 One penod
1shown between the center two arrows) consists of one 140-A undoped
GaAs layer and one 140-A Al Ga, ,As(x~0.30)layer doped with Se (n,
~7x 10'"/cm"). The entire superlattice contains 25 penods and is indicated
by the two arrows labeled a.
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L, = 140 A. The edge of the topmost GaAs layer, the upper
a arrow, is not visible because of the difficulty in polishing
and staining a sharp corner on a ~ 0.8’ slant cross section.
The ~0.8° angle, however, can be measured accurately by
dragging a Sloan Dektak probe across the top, flat GaAs
layer and then down the slant incline.

One special feature of the superlattice shown in Fig. 1 is
that the Al, _, Ga, Ascoupling barriers are doped with Se to
aleveln, ~7x10'"/cm?, and the GaAs layers are undoped.
As a result the carriers from the donors in the GaAlAs bar-
riers spill over into the GaAs wells where there are essential-
ly no donors. This doping profile® leads to an unusually high
measured mobility for the carriers in the GaAs channel
layers.The detailed transport properties of such layers
grown by MO-CVD will be described in a separate publica-
tion.® However, for the sample described here a room-tem-
perature mobility of $500 cm?/V sec was measured for a
oncentration in the GaAs channelsatn ~7x 10" cm 2. At
77 K, the mobility was 16500 cm?/V sec. It is expected that
the coupling of these superior electronic properties with the
optical properties reported here will made these materials of
great interest for devices and circuits in which electronic and
optical devices are integrated.

For excitation levels leading to excess carrier densities
:8n) larger than the built-in carrier density of
~7x10""/cm?, electron relaxation into the coupled GaAs
quantum wells changes and involves a noticeable shift to
phonon-assisted recombination which is discussed below.

For the photopumping experiments of interest here

Energy (eV:
150 154 158
T T T

AlLGay ,As-GaAs (25 + 25)

I g AIGaAs) ~ 7 X 10'7.cm3
K L, - 1407
N r_.,,z 1020

7K

@108 L)

) 33 X 103 (cw)
L~

.
b 8 33 wiem? (CW)
8 PR
t 1
1 Y A0 )
. 82 80 78

Wavelength (1074}

¥1G. 2. Spectra (77 K) of a photopumped rectangular sample (36 x 260 um’)
<leaved from the superlattice shown in Fig. 1. The heavy and light markers
on the horizontal axis indicate the a = | e—Ahand n’ = 1’ e—1A confined-
particle transitions, respectively. Low-level cw emission (s, 33 W/em?)
geaks (A) ~ 20 meV below the a = | transition and corresponds to the
expected recombination energy of a two-dimensional electron-heavy-hole
cxciton. At higher excitation (b, 3.3 x 10° W/cm?) narrowly spaced end-to-
end modes (44,) turn on abruptly one phonon (LO label) below the n’ = 1’
transition. Pulsed operation (c, 10° W/cm?) shows clearly the 44, modes
one phonon below the lowest transitions and the higher-energy, more wide-
ly spaced, edge-to-edge modes 44,.
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FIG. 3. Continuous room-temperature laser operation of a rectangular
sample (20 x 70 um’) cleaved from the superlattice wafer of Fig. 1 {substrate
removed). Low-threshold laser operation (a, 2.7 x 10> W/cm?) occurs one
phonon below the # = | e—hh transition, with spontancous background
peaking in the range of the # = 1 and &' = 1’ transitions. At slightly higher
excitation (b, 4 X 10" W/cm?), closely spaced end-to-end ( ~ 70 um} modes
are clearly visible near 8780 A.

samples are prepared by polishing and selectively etching off
the GaAs substrate,' which, for the wafer of Fig. 1, is the
region under the bottom a arrow. Rectangular samples (30—
100 X 100-300 zm?) are cleaved from the remaining thin wa-
fer (0.7 um), i.e., the region between the a arrows of Fig. 1,
and for heat sinking are imbedded into In under sapphire
windows for 77-K experiments and in Cu under diamond
windows for 300-K experiments. The samples are photo-
pumped with an argon laser (5145 A) that can be operated
puised (cavity dumped)] or continuously (cw}, and can be con-
veniently focused at various positions on the samples (for any
advantage in excitation geometry).

The laser operation at 77 K of a 36 X 260-um? rectangu-
lar superlattice sample cleaved from the wafer of Fig. 1 is
shown in Fig. 2. At low level (a, 33 W/cm?), the recombina-
tion radiation peaks (A) in the region ~20 meV below the
n — | e—+hh transition. The peak A lies in the region expect-
ed of the two-dimensional exciton,'! and with increased
pumping broadens and tends to exhibit stimulated emission
on the widely spaced edge-to-edge modes labeled 44, corre-
sponding to / = 36 um in the mode-spacing expression

—22 n — Adn )] -1
A=A [21(——‘1/1 : 1)
Near the pumping level of ~3.3 % 10° W/cm? (b}, however,
end-to-end laser modes (44,,/ = 260 um) appear abruptly in
the range fiw,, below the n’ = 1' e— 14 transition (£ ) and
with increased pumping level (b—c) extend to still lower en-
ergy, to fiw S E, — fw 5. We suggest, by considering a sim-
ple charge analysis or

Sn=1J/(}qL ) ~2.4X 10" 1 /cm?, 2)
that the end-to-end modes 44, of curve (b) appear abruptly,
atJ~3.3x10°2.41)~ " A/cm?, when the excess carriers én
approach (and exhaust) the built-in carrier supply of
~7% 10" /cm®. In Eq. (2), L is the thickness of the sample
(L = 0.7 um), q is the elementary charge, and 7 is the excess-
carrier lifetime, which these data indicate is r~ 3% 10~ ° sec
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near ihe threshold (curve b) for end-to-end phonon-assisted
laser operation.’ (We mention that in the case of a narrower
sample, 11-um, it is possible to observe stimulated emission
[77 K, data not shown) distinctly on peak A, ~8200 A, and
also on the # = 1 e—hbh transition, ~8095 A.)

Perhaps of greater practical interest, the bare superlat-
tice of Fig. 1 easily operates as a cw 300-K photopumped
laser. This laser operation is shown in Fig. 3, with threshold
occurring at an equivalent current density of J.,,, ~ 10°
A/cm’. The spontaneous background emission peaks in the
range of the n = | e—hh and n’ = |’ e— 1A transitions as
expected, while laser operation occurs one phonon (fw )
below these transitions. As in Fig. 2, the sample of Fig. 3isa
rectangle, and two different sets of modes and two different
mode spacings occur. The more widely spaced edge-to-edge
modes are seen to modulate the narrow end-to-end modes.
This behavior is characteristic of phonon-assisted recombi-
nation in a thin rectangle.? The sample length in the end-to-
end direction is 70 um, which corresponds to a resonator end
loss of @~ 170 em~". A typical stripe-configuration diode
has a resonator length of / ~250 um and an end loss a ~47
cm™". Thus it is reasonable to speculate that stripe-configu-
ration superlattice laser diodes will operate as lasers well
below the equivalent threshold current-density /., ~ 10°
A/cm? of Fig. 3, or well below the photopumping input pow-
erof 25 mW (/.. ~10 mA) that has been casily realized in
this work in spite of surface losses.
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APPENDIX V

Diffusion-Enhanced Disorder of Superlattices
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Data are presented showing that Zn diffusion into an AlAs-GaAs superlattice (41 L, ~45-A
GaAs layers, 40 L, ~ 150-A AlAs layers), or into Al, Ga, _, As-GaAs quantum-well
heterostructures, increases the Al-Ga interdiffusion at the heterointerfaces and creates, even at
low temperature ( < 600 °C), uniform compositionally disordered Al, Ga, _, As. For the case of
the superlattice, the diffusion-induced disordering causes a change from direct-gap AlAs-GaAs

(E; ~1.61 eV) to indirect-gap Al, Ga, _,As(x~0.77, E y ~2.08 ¢V).
PACS numbers: 61.70.Bv, 78.45. + h, 64.70.Kb, 81.40.-2

Because the AlAs-Al, Ga, _, As-GaAs system is effec-
tively lattice-matched at all compositions (0<x<1) and can
be grown by a variety of methods, it has been extensively
developed and has served as the practical and prototype sys-
tem for various forms of heterostructures. Essentially abrupt
heterojunctions or heterointerfaces can be formed in this I11-
V system and apparently are stable to quite high tempera-
tures. For example, Chang and Koma' have shown that ap-
preciable Al-Ga interdiffusion, or cross diffusion, at initially
an AlAs-GaAs interface requires a high temperature. The
activation energy for Al and Ga interdiffusion is high (>3.6
eV} and the diffusion constants small.' These earlier results
have recently been confirmed by thermal annealing experi-
ments (875-925 °C, excess As in the diffusion ampoule}**
performed on a number of Al, Ga, _, As-GaAs quantum-
well heterostructures (QWH) grown by metalorganic chemi-
cal vapor deposition (MO-CVD).*" In contrast to the results
of impurity-free thermal annealing experiments,’ ™ we show
in this letter that Zn diffusion into an Al, Ga, _, As-GaAs
QWH causes, at much lower temperatures (more than
300 °C lower), Al-Ga interdiffusion. We show, by diffusing
Zn into an AlAs-GaAs superlattice (500600 °C), that an
AlAs-GaAs or Al, Ga, _, As-GaAs heterointerface be-
comes unstable and disorders (Al-Ga disorders) at tempera-
tures as low as S 500 °C when a large hole population accu-
mulates in the GaAs.

Various QWH's grown {750 °C) by MO-CVD (Refs. 4
and 5) have been employed in the present work. Data are
shown here, however, on only an AlAs-GaAs superlattice,
initially undoped, that consists of 41 L, ~45-A GaAs layers
alternating with 40 L, ~ 150-A AlAs coupling layers. With
the substrate removed the bare superlattice (heat sunk under
diamond)® operates as a low-threshold cw, 300-K photo-
pumped laser as shown in Fig. 1. This superlattice crystal and

*In the Department of Electncal Eagineening, University of Illinois at Us-
bana-Champaign.
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data are unique, showing that the 80 interfaces of the 0.8-um
thick superlattice are essentially ideal. Otherwise the low-
threshold laser operation (/ ~ 1.5 X 10* A/cm?, cw, 300K of
Fig. | would be impossible.

When this MO-CVD wafer is converted to p type by
conventional Zn ( + As) diffusion (ZnAs,, 575°C, 4 h)inan
evacuated silica ampoule,’” the superlattice (substrate re-
moved) appears yellow in color and not dull red as initially,
remains single crystalline as determined by x-ray analysis,
cleaves into {100} rectangles, but yields little photolumines-
cence output because it has become disordered into indirect-
gapr~0.77 Al, Ga, _,As (E ~2.08 eV|. Note that this
“phase” transition from order to disorder, from direct to
indirect gap, occurs far below the thermal-annealing tem-

Energy (eV)
158 162 166 t 70
T T !
» Aids - GaAs (40 « 41)
H Lg~1504.L, ~a54
K 300 K (CW!
§
g
E
w

—

H
«
, ]
1. l i nﬂ
76 16 14

Wavelength (1094}

FIG. 1. Laser operation (300 K| of a photopumped MO-CVD superlattice
sample {15 um wide) consisting of 41 GaAs quantum wells (L, ~45 A)
alternating with 40 AlAs coupling barriers (L, ~ 150 A). At relatively low
excitation power density [(a) 200 W/cm®) the emission peaks near the low-
est-energy electron-to-heavy-hole transition |n = 1, e—hk ) caiculated using
the Kronig-Penney approximation (Ref. 13). With higher excitation {1
37%10' W/em? or ~1.5% 10" AZcm?) cw, 300-K laser operation s ob-
served (~ 7790 A) in spite of the 80 heterointerfaces.
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peratures employed in Ref. 1. For comparison we show in
Fig. 2 the photoluminescence behavior (laser operation, 77
K} of (a) an as-grown bare-superlattice sample and (b) a simi-
lar sample but first annealed for 4 h at 575 °C without Zn but
with excess As in the evacuated silica ampoule.' The laser
operation does not change. It is clear that it is the Zn intro-
duced by diffusion into the AlAs-GaAs superlattice that
changes the crystal to compositionally disordered indirect-
gap x~0.77 Al, Ga, _ ,As.

For a Zn diffusion time of 4 h at 575 °C in bulk GaAs,
(Do)~ 1 um (N, ~4x10'/cm’).° In contrast, Zn dif-
fusion at 575 °C as outlined above penetrates 80% of the
thickness of the superlattice of this work in 10 min, which,
because of the ampoule thermal inertia, corresponds to an
actual diffusion time of S-7 min.*'® These results, shown in
Fig. 3 as Zn-diffused stripes through 10-um-wide openings
in a Si,N, surface mask, indicate that the diffusion through
the AlAs layers is much faster than through the GaAs lay-
ers. In fact, [D,,(GaAs)t |2 ~41x 45 A at 575°C (D,,
~8.3x 107 "*cm?/s)® leads to t ~ 6.5 min. These results sug-
gest that it is the GaAs in Al, Ga, _, As that controls the
diffusion and that the Zn diffusion depth data of others'' can
be fit if a factor of (I — x) =, 0<x<0.7, is applied.

The main point of Fig. 3, however, is toshow that where
Zn is diffused into the superlattice, the crystal becomes com-
positionally disordered Al, Ga, _, As, and where the Zn
does not penetrate by diffusion or is blocked by the Si,N,
mask, the superlattice remains intact. This is particularly
clear in the magnified slant cross section (~0.4°, 145X in
vertical direction, not aligned with the stripe) of Fig. 3(b),"*
which shows that the Zn in the stripe region did not diffuse
beyond the last seven or eight periods of the superlattice
(actually the first seven or eight periods grown on the sub-
strate). In fact, where the Zn concentration decreases appre-
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FIG 2 Laser spectra (77 K) of (a) an as-grown AlAs-GaAs superlattice
sample (same crystals as Fig. 1) and (b) 8 thermally anncaled comparison
sample (575 °C, 4 h, excess As in ampoule). The emission spectra (a) and (b}
are nearly identical. The emission line shape i1s broadened only slightly
because of small size fluctuations (on the order of a monolayer) in the layer
thicknesses. The emission 1s peaked at the expected n = 1, e—hh transition.
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ciably, i.e., in the region of the 8-12 periods above the sub-
strate, the Zn-induced disordering is not complete.

The fact that diffusion of Zn greatly enhances the inter-
diffusion of Ga and Al in the superlattice heterostructures
indicates that a modification of the interstitial-substitutional
mechanism for Zn diffusion’* is required. It is suggested
that a closely associated Zn-vacancy pair formed by substi-
tutional Zn moving into a neighboring interstitial site forms
an intermediate link between purely interstitial and substitu-
tional Zn according to the reactions

Zn, + V&=(Zn, V) =Zn +2h"*. (1

Here ¥ indicates a neutral vacancy and A a hole. Neighbor-
ing Ga and Al atoms could move into the vacancy of the
(Zn,, V) pair, but the Zn, would remain attached. In this
way, interdiffusion of Ga and Al would be promoted as well
as provide an additional mechanism for Zn diffusion.

The total Zn concentrationis¢ =c¢, + ¢, + c,, where
¢, is that of isolated Zn interstitials, ¢, that of (Zn,, V) pairs
and ¢, that of substantial Zn. It is assumed that ¢, €c, €c,, 50
that ¢, ==c¢. According to the laws of mass action,

cP =K1(Tk‘\pz=K2(Tktcl" ‘2)

where ¢, is the concentration of isolated neutral vacancies. If
the motion of pairs dominates the Zn diffusion, the diffusion
rate should be proportional to the square root of the As,
vapor pressure, pi.2. Data® on the Zn diffusion in GaAs at
higher temperature (here extended to Al  Ga, _, As| indi-
cate that Deff varies inversely with p}/2, which shows that
interstitial diffusion of Zn in GaAs-bearing I11-V alloys
dominates over pair diffusion. However, pairs are required
to account for the observed enhancement of interdiffusion of
Ga and Al

Diffusion by (Zn,, V') pairs has the same Zn concentra-
tion dependence as that by the interstitial Zn mechanism. In

AlAs - GaAs (Zn-ditfused slrnpe')
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FIG. 3. Shallow-angle { ~ 0.4 °) cross section of a portion of the superiattice
wafer of Figs. | and 2 that. except for a ~ 10-um stripe, has been masked
with Si\N, and has been Zn diffused (ZnAs,) for 10 min at 575 °C. The
shallow-angle magnification is ~ 145 X in the vertical direction (no hori-
zontal magnification) and is skewed somewhat telative to the orientation of
the Zn-diffused stripe. In the region of the Zn diffusion the 40-period super-
lattice|L, ~4S A, L, ~ 150 A} has become compositionally disordered indi-
rect-gap x ~0.77 Alx Ga, , As that changes color from dull red to yellow
(7680-5960 A).
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this case it follows from electrical neutrality that p = ¢,, so
that D, varies as p” or c2. While this must be true on the
average in the superlattice structures, the concentration of
holes will be enhanced in the GaAs quantum wells and de-
creased in the adjacent AlAs layers. The band-edge disconti-
nuity for holes is ~0.154E ~0.24 eV at the start of the
diffusion process and, depending upon the AlAs-GaAs layer
widths, the enhancement may be as large as S 10 {superlat-
tice above). This enhancement of the hole concentration will
in turn tend to greatly increase the diffusion rate in the GaAs
layers and decrease it in the AlAs layers. Since Zn diffusion
is normally much more rapid in AlAs than in GaAs, the
enhanced hole concentration in the GaAs layers will in-
crease the overall Zn diffusion rate in the superlattice
structures.

The accumulation of holes near the GaAs-AlAs bound-
aries also will enhance the interdiffusion of Ga and Al and
account for the observed rapid formation of homogeneous
Al,Ga, ,As. This could not occur by the interstitial-sub-
stitutional mechanism because interstitials diffusing at the
advancing impurity front would tend to move into vacant
sites and reduce rather than increase their number. The va-
cancy concentration in the absence of Zn can be enhanced by
increasing the As, vapor pressure at the diffusion tempera-
tures. This increase gives only a modest increase in the rate of
interdiffusion of Ga and Al at much higher temperatures.
The rapid interdiffusion is observed only in the presence of
Zn. We believe that these are strong arguments for the for-
mation of (Zn,, V| pairs and for their participation in Al-Ga
interdiffusion, at least in the temperature range of 500—
600 °C. where the present experiments have been done.

The effects described above occur at AlAs-GaAsor Al,
Ga, ,As-GaAs heterointerfaces and, just as shown in Fig.
3, have been observed in the present work at all Zn-diffusion
temperatures employed, including at temperatures as low as
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500 °C (9 h to disorder the superlattice). These results indi-
cate that the doping in AlAs-Al, Ga, , As-GaAs hetero-
structure active regions should be kept < 10'/cm”.
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Marshall, and B. L. Payne {Urbana) for technical assistance,
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79-09991 and No. DMR 77-23999 and Navy Contract No.
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C-0711.
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IR-red GaAs-AlAs superlattice laser monolithically integrated in a yellow-gap

cavity

N. Holonyak. Jr, W D. Laidig. and M. D Camras

Elecrrical Engincering Research Laboratory and Maierials Research Laboratory. University of Hiiois at
Urbana-Champaign. Urbana. linois 6180]

J. J. Coieman and P. D. Dapkus

Rochucll International. Electronics Research Center, 4naheim. Californig 92803
(Received 5 March 1981, accepted for publication 9 April 1981}

Disk-shaped IR-red 1E, ~ 1 61 eV| GaAs-AlAs superlattice lasers (41 L, ~ 45-A GaAs layers. 40
L, ~150-A AlAs layers) are demonstrated (cw 300 K that are monohthically integrated into
rectangular vellow-gap Al Ga, As{x~L /L, + Ly E,., ~2.08eV]cavities. The yellow-
gap Al Ga, ,Astx~0771sgenerated by low-temperature Zn diffusion1575 °C, 30 minj. which
disorders selected portions of the superlattice [portions complementary to regions (disksi masked

by SI1.N,]

PACS numbers 8140 —z,78.20. —e. 7845 + h. 7740 «~ k

Various forms of double-heterostructure' (DH) and
quantum-well heterostructure (QWH) lasers™ are capable of
room-temperature continuous (cw 300 K) operation. Re-
centiy we have shown .hat bare superlattices of metalorganic
chemical vapor deposited (IMO-CVD) GaAs-Al, Ga, _, As'
or GaAs-AlAs* are capable of cw 300-K laser operation. The
latter. taken with the fact that a superlattice (SL), or QWH,
can be selectively disordered by low-temperature {500—

600 °Ciimpunty diffusion,* leads to a special capability: A
wide variety of infrared (IR} or red lasers, and potentially
other lower-gap device elements, can be imbedded imono-
hthically integrated. into a higher-gap red, orange. or even
sellow cavity. thus establishing a basis for an optoelectronic
“chip ™" In this paper we demonstrate IR-red (1.61 eV} disk-
shaped GaAs-AlAs SL lasers imbedded in rectangular sin-
gle-crystal vellow-gap Al Ga,  ,As(x~0.77, E,, ~2.08
eV, cavities. the yellow-gap Al, Ga, _, As is the composi-
tionally disordered form of the as-grown SL crystal.

The superlattice. or quantum-well heterostructure
QW H,. crystals of interest here have been grown by the
basic MO-CVD process described extensively elsewhere.*
This system of crystal growth proves to be advantageous also
for the growth of high-quality GaAs-AlAs QWH's” and su-
perlattices (SL's).* For the present work a SL with 41 L,
~45-A GaAs layers coupled by 40 L 5 ~ 150-A AlAs layers
is employed This MO-CVD SL crystal is special in two re-
spects. (11 Although 1t is an ordered structure, a SL, with a
coupled quantum-well direct-gap of £, ~ 1.61 eV, as disor-
dered Al, Ga, ,As its average composition is x ~0.77
(x~Lg/iL, + L)1) and tn) it can be disordered, in any de-
sired geometrical pattern, by relatively low-temperature im-
purity diffusion * Then the SL becomes compositionally dis-
ordered Al,Ga, , As with its energy gap changed from E,
~1.6110E,~208¢eV,or from dull red to yellow.

Ordinarily Al-Ga interdiffusion in the temperature
range 500-600 "Cis negligible," but not when Zn is diffused,
even at alow temperature, into an AlAs-GaAs SL or QWH.*
The Zn. which diffuses by an interstitial-substitutional pro-
cess,” " establishes an acceptor concentration 2 10'/cm”.

Y

Ifthe Zn, occupying a column Il vacancy site.1s view "das a
closely associated Zn-vacancy molecule, then at S00~600 “C
there is sufficient therma) energy for the Zn to spend part
time in an interstitial site.* This makes available an unusual-
ly large vacancy concentration to take part in. and enhance.
Al-Ga interdiffusion.” Thus, at low temperature 1n any pat-
tern desired), a GaAs-AlAs or GaAs-Al, Ga, ,AsSLor
QWH can be fully disordered and. depending upon the
GaAs layer thickness L and the L, /L ratio, can be in-
creased in energy gap or even be shifted, as here, from direct
gap tondirect gap.

Typical results obtained on the 40 period GaAs-AlAs
SL are shown in Fig. 1. This wafer, witt red “polka-dot™ SL
disks in/on a yellow Al,Ga, , As background, has been
prepared by a 30-min ZnAs. diffusion at 575 °C: on the
MO-CVD SL* after it is first masked (via KPRy with 38-um
Si, N, disks located on 76-um centers. After the Zn diffu-
sion, the SL wafer is stripped of the Si,N,. the substrate 1s
thinned by polishing and finally removed by selective etch-
ing, and the wafer is then cleaved and a sample compre .ed
into In to make possible the colored photograph of Fig 1.
Any one of the disks can be photopumped (Ar~ laser,

5145 A)and be operated as a red laser. For a SL disk near
the wafer edge (Fig. 1), the edge acts as one Fabry-Perot
reflector, and an inner disk can act as a second reflector. A
large part of the cavity is nonabsorbing yellow-gap

Al,Ga, _ As. Clearly the active region geometry can be de-
signed independent of that of the cavity.

Figure 2 shows, also in color, rectangular samples
cleaved from the masked and diffused 40-period SL wafer of
this work; the samples are compressed under a diamond win-
dow into an annealed Cu heat sink Scratches in the metal
and room dust are evident in the figure. In Fig. 3 we show cw
300-K laser data for the SL full-disk labeled (1) 1n Fig 2 and
the partial disk labeled (2) that, unlike (1), lies at one end of a
cleaved rectangle. Superlattice disk (1) is surrounded by vel-
low-gap Al, Ga, , As and operates as a laser as shown in
Fig 3 by curves (a) and (b). The low-level emission (a, 95
W/cm® excitation level) is rather well centered at the expect-
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a) AlAs—GaAs (40 +41;Lp~ 150, L, ~ 45 A; F
"  d~38um) ‘

* b) AlLGay_,As x ~ 077, E;(X) ~ 2.08 eV)
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FIG | “Polka-dot™ pattern of 1a) GaAs-AlAs superlattice (41 L, ~48-A
GaAs layers, 40 L, ~ 150-A AlAs layers) disks (38 um diameter on 76 um
centers: surrounded by ib) yellow-gap Al,Ga, _  As

[x~Ly/tL, + Ly1~0.71.E,, ~2.08 eV] that is formed by disordering, via
low-temperature Zn diffusion ($75 °C. 30 minj, & portion of the original as-
grown 40-period 40 x 195 A) superlattice.

eveoeceo.0
o000 00

K Y VRSN ¥

ed n = 1 electron-to-heavy-hole (e—hA# ) confined-particle
transition (dark marker). At 7.5x 10* W/cm? (or
J~3.1%10" A/cm?) cw 300-K laser operation is observed
~#w, , below the n = | e—hh transition. The mode spacing
42,=105 A corresponds quite accurately to the cavity
length of 80 um between the arrows (38 um of SL disk and
23 + 19 um of yellow Al, Ga, _, As).

Perhaps more interesting is the laser operation (Fig. 3,
curvec, 7.5 10" W/cm?)of the SL half-disk (2) of Fig. 2 that
is only partly surrounded by yellow-gap Al,Ga, _ As. The
ten uniformily spaced cavity modes 44,16 A correspond
1o the cavity length of 52 um between the arrows. These
modes are modulated or grouped with a spacing
A4, ~60 A, which corresponds toa cavity reflection occur-
ring over a length ~ 14 um. This agrees with the measured
width of the partial SL disk (2}. It is evident that reflection
exists at the red-yellow interfaces and can be detected if

. enough modes are excited. The problem of the red-yeliow
index change 4n is unsolved. We estimate this change, how-
ever, as the difference between the refractive index for
Al Ga, _,As,"

n(x) = 3.590 — 0.710x + 0.091x%, n
corresponding to an energy gapof £, = 1.61 eV, or simulated

103 Appl. Phys. Lett., VOI. 39, No. 1, 1 July 1981

a) AlAs-GeAs (40 +41;Lg~ 150,L,~45 A;
d ~ 38 ym)
b) Al Gay_,As

FIG. 2. Cleaved (100 samples of (a) IR-red GaAs-AlAs superlattice disks
(E, ~1.61 eV) "monolithically integrated™ into (b yellow-gap

Al,Ga, ,As(E,, =208 eV rectangular cavities (see Fig. 1). The single-
crystal samples are compressed under a diamond window into annealed
copper for cw 300-K photopumping (Ar* laser, 5143 A)
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L T
AlAs - GaAs (40 + 41)
> Lg~150,L,~ 454
t sy 300 K (CW)
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1Y)
L-gj l 78x W’mem’
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Wavelengih 110% 1)

FIG. 3 Continuous 300-K laser spectra of superiattice disk (1) Fig 2
(curves a and b) and superlattice pantial disk (2) {curve ¢|. The mode spacing
44,~ 105 A of curve (bj corresponds 10 the yellow cavity edge-1o-edpe
width of ~ 80 m marked by the arrows in Fig. 2. The 44, ~ 16-A mode
spacing of curve ¢ corresponds to an edge-to-edge width of ~ 52 um (two
arrows of Fig. 2). The 44, ~ 60-A spacing agrees with the 14yum transverse
width of the partial disk labeled (2).
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composition x~0.15, and E,y ~2.08 eV (x ~0.77), giving
4n = 0.39. Wedo not take this estimate too seriously except
to suggest, in agreement with experimental observations
(300 and 77 K), that the red-yellow reflection (or 4n) is
significant.

The laser data presented here are of the same quality as
the data obtained on the as-grown, unmodified SL crystal 4
Thus there is no question that the conversion of a GaAs-
AlAs SL, or of 3 QWH, to Al, Ga, _ ,Ascan be accomplished
without modifying or damaging protected or masked re-
gions of the as-grown crystal. The results presented here
make it ciear that it is possible to integrate into a wider gap
optoelectronic “'chip” a large variety of narrower-gap ele-
ments, and that these can be also current-driven elements
and not just the photopumped disks utilized (for conve-
nience) in this work.
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SINGLE-INTERFACE ENHANCED MOBILITY
STRUCTURES BY METALORGANIC
CHEMICAL VAPOUR DEPOSITION

Indexing resms - Semiconcuctor devices and marerials, Doping,
1111 semiconduciors

Enhanced mobiliny efiects 1n single-interface Z-c:mensional
eleciron gas helerostructures grown by metaiorgani chemi.
cal rapour deposition (MOCVD) are reperied The
mobiiiny temperature characieristics of singie-interface struc-
tures. with and without an undoped spacer to reduce coulomnb
scatiering a: the interface. are gescrided

Recently there nave been several reports of enhanced eleciron
mobility effects 1n modulation-doped muluiple-lave:' and
single-laver®-* GaAs-GaAlAs heterostructures Jr all of these
reports the epitanial lavers of interest were grown by molecular
beam epitaxy (MBE). In this letier we describe measurements
of enhanced mobility 1n 2-dimensional eleciron gas single-
interface structures grown by metalorganic chemical vapour
deposition (MOCVD). We relate the mobiines measured n
single-interface siructures 10 the bachground mobility of
undoped bulk MOCVD GaAs« and detail the growth condi-
nons which particularly affect bulk and heterosiructure elec-
tron maobilities.

In earhier work® we showed that enhanced electron mobility
effects are observed in muluiple-laver modulation-doped quan-
1um well heterostructures (QWH) grown by MOCVD These
structures showed mobthues (20000 cm* Vs, 77 K} mare than
five times greater than comparabhy doped bulk GaAc bu
much lower, however. than predicied ™ for pure undoped GaAs
The explanation for these reduced 7 K electror mohihinies 1s

ELECTRONICS LETTERS 20th August 1981 Vol 17 No 17
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aat the mobility of the QWH s limited by the background
mobility of the MOCVD GaAs. and further reduced® by cou-
lomb scattering at the heterostructure interfaces.

The background mobulity oi MOCVD undoped bulk GaAs
depends on a number of factors.® particularly the type and
amount of impurities in the source materials (trimethyigallium
and arsine) and the growth temperature which affects the
extent to which these impurities are incorporated into the epi-
tavial layers. Shown in Fig. | is the dependence of the 77 K
¢iectron mobility on growth temperature for undoped epitaxial
lavers of MOCVD GaAs ({8-15 um thickness). The measure-
ments are made using an etched van der Pauw geometry in a
magnetic field of $ kG. The data of Fig. 1 are for the source
matenals used in this work, and indicate that the optimum
growth temperature for high-mobihity GaAs 1s ~ 615°C. The
multiple-layer QWH transport structures of Reference 6.
however, were grown entirely at 750°C, which is the optimum
temperature for the growth of Ga, . ,Al,As by MOCVD, based
on other work in our laboratory.'® !} From the data of Fig 1 it
1s apparent that a factor-of-four increase in the 77 K ¢lectron
mobilities of multiple-laver QW H samples can be obtained by
merels lowering the GaAs growth temperature to ~ 615°C. In
addiion the carefu! selection or repurification of starting
source materials’ would allow aimospheric growth of
MOCVYD GaAs with 77 K mobilities in excess of 100000
cm® Vs,

growtn temperciire 3Jeg C

s 600 615 650 %0
B 7%
- -
§ |
i !
{
l
i
.o’ . . i
12 11 10
CCCIT 339

Fig. 1 Liqund mieroyen temperazure mohility against growth temperature
Jor bulk undoped MOCYD Gads

It is not particularly convenient to cycle the growth tempera-
ture for multiple-layer QWH transport samples. and so we are
concerned here only with single-interface 2-dimensional elec-
tron gas structures. These structures consist of a single
undoped GaAs layer (1-4 um thickness) grown at 615°Cona
Cr-doped semi-insulating substrate. Ga,, -Alg.3As (200- 1000 A
thickness) doped with Se (5-8 x 10'” cm™ ') is then grown at
750°C on the undoped GaAs. The heterojunction discontinuity
between the GaAs and the GaAlAs results in the schematic
conduction-band structure shown in Fig. 2. The band bending
at the interface results in a local energy minimum near the
interface which contains carniers contributed by the doped
GaAlAs. It is the mobility of these carriers parallel 10 the inter-
face which is measured by use of the Hall effect. The back-

jo—— NA0DNE GAAS e e N -GQiAg—e
spacer

Fig 2 Schemaric conduction-hand dagrar tor @ anale-interfuce -

- m e SRR uy oy

ground carrier concentration of the undoped GaAs is
~ 12 x 10'* cm~ ? and the average electron concentration ob-
tained from Hall measurements gives an effective interface con-
centration of ~ 10'? cm~? for the heterostructures. Samples
have been prepared with and without undoped Ga., -Al, ;As
spacer layers® to determine the effect of coulomb scattering at
the interface ®

mobulity, cmizye,
‘

F o
{
t

Coowik 3cAs 3x5 7
=3
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.3
:]

,
tempertiLra 4 ==

Fig.- 3 Hull mohdity  against  temperature tor  angie-mtertae 2-
Jimensional electron gas heterostructures with and withou: \pacers

Shown also for reference are data on Jdoped and undoped uih
MOCVD GaAs epnaxial layers

Hall mobility data as a function of temperuture 'n the range
77 1o 400 K are shown in Fig. 3. Data from a buik GaAs
sample doped with Se 10 3 x 10! cm™? are shown for rejer-
2nce. Also, data from a bull GaAs sample that 1s not inien-
uonally doped 15 shown. to ndicate the imit to eleciron
mobility resulting from the bachground impurities in the
source materials. The remaining two sets of data in Frg. 3 are
lor enhanced mobility aingle-interface MOCVD  retero-
structures The structure without an undoped spacer shows 1
*7 K mobulity (~ 35000 ¢cm? Vs) that 1s more than one ord=r
of magnitude greater than compuarably doped GaAs. Furiher
enhancement in the 77 K mobihity 1s obtained with the inser-
tion of an undoped Gag -AlsAs spacer laver (10D A
thickness). Presumably, coulomb scattering does contribute
significantly to the overall scatier'ng process® and can be
reduced by increasing the spatial separauion of the free carriers
and the ionised impurities *

In conclusion, we have shown that 2-dimensional eiectron
gas enhanced mobility effects can be observed in single-
interface.  modulation-doped  heterostructures  grown by
MOCVD. The optimum grow:h temperature for high-moothity
GaAs 1s ~ 615°C. and coulomb scattering at the nterface of
the heterostructure can be reduced by the inseruon of an
undoped GaAlAs spacer layer. Single-interface 77 K zlectron
mobilities greater than 45000 cm*® Vs at an eTective 1nteriace
carrier concentraton of 10'2 cm~? are reported.
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THE GROWTH AND CHARACTERIZATION OF METALORGANIC CHEMICAL VAPOR DEPOSITION
(MO-CVD) QUANTUM WELL TRANSPORT STRUCTURES

3J. COLEMAN, P.D. DAPKUS, D.E. THOMPSON and D.R. CLARKE *
Rockwel Inserncrional, Microelecrronics Research and Development Center, Ansheim, Californio 92803, USA

Data are presented which describe the genenal growth of Ga; _yAl As by metalorganic chemical vapor deposition (MO-CVD)
with specific application to quantum wel heterostructure (QWH) transpornt structures. These datz, including preliminary TEM
daza, Hall mobility data and carrier concentration profile data, show that alternating-layer, modulation-doped, Gay_ yAlpAs—
GaAs QWH samples exhibit 77 K mobilities several times greater than the observed or predicted upper limit for companbly
doped bulk GaAs. The cartier concentration profile data refiect the periodic nature of the multiple layer samples but indicate

—— . m——p "

an asymmetrical peak in the carrier concentration of each GaAs well

1. Introduction
Cs

Quantum well heterostructures (QWH) of alterna-
ting thir layers of GaAs and Ga, _,Al; As have attrac.
ted much attention in recent years. Since the first
reports {12} of absorption measurements on QWH
structures there have been reports of various optical
and electrical phenomens associated with these guasi-
two dimensional materials. These include laser opera-
tion above the bulk GaAs band edge [3-7] and the

demonstration of unusually high electron mobilities .

(7-11]. In this paper we describe the details of the
growth of QWH structures by metalorganic chemical
vapor deposition (MO-CVD) [7,12,13]. The MOCVD
process allows the growth of uniform QWR structures
having 2 large oumber of thin epitaxial layers [7,14)
with the necessary abrupt interfaces between the
lavers [15,16]. We describe here briefly the general
conditions for the MO-CVD growth of GaAs and
Ga,_,Al;As and the specific conditions for the
growth of s large number of thin alternating layers.
Dats are presented, including preliminary TEM data,
temperature dependent Hall mobility data and carrier
concentration profile data, on selected QWH samples
grown by MO-CVD. These samples demonstrate 77 K
mobilities several times greater than the theoretical
- predicted upper limit for comparable bulk GaAs. The
carrier concentration prome data indicate an uym~

* Rockwell Intermational, Science Center, Thousand Oaks,
Qmomn 91360, USA.

metrical carrier density with a carrier concentration
peak in each GaAs well.

2. Quantum well heterostructure growth

The growth of Ga,_,Al;As by MOLVD is the
result of a pyrolysis reaction of the meta! alkv] sour-
ces trimethyleallium (TMGz) and trimethyvialuminum
(TMAl) with gaseous arsine. This process, which can
be described by the reaction equation: -

AsH, + x (CH;)3Al + (1 — x)(CHs)sGa
H3
=* Ga;_s Al As+3CH, , 1)

is entirely s deposition process without any compet-
ing dissolution reactions. Thus, abrupt heterostruc-
ture interfaces in the absence of diffusion are ex-
pected. Experimentally, the growth of Ga,_ Al As
takes place under conditions of excess As. The metal
alkyls, which are liquids with reasonable vapor pres-
sure pear room temperature, are transported to the
reactor by bubbled hydrogen gas. The composition of
the epitaxal layer is determined by the relatice flow
rates (controlled electronically) of the hydrogen gas
through the TMAI (23c) and TMGa (0C) source bub-
blers. A meaningful expression for this flow rate rela-
tionship is given by the dimensionless flow ratic p:

p = FIAD/[F(AD) + F(Ga)] , @
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Fig. 1. Ga; 2 yAl As alloy composition versus dimensonless
metal alkyl flow ratio p.

where F(Al) and F(Ga) are the flow rates of the bub-
bier hvdrogen for TMAI and TMGa respectively. The
gowth rate g, is 2 function of composition and there-
fore a function of p. The growth rate is also limited
by the total metal alkyl fiow rate [F(Al) + F(Ga)}, so
a more general expression is the normalization growth
rate g’ given by

. _ £lp, FUA) + F(Ga)) )
F(A)+F(Ga)

Shown in fig. ! are data on the composition of
grown epitaxial layers of Ga;_ Al;As on GaAs sub-
strates as 3 function of the flow ratio p. These data
are obtained by a combination of X-ray lattice param-
eter measurements and photoluminescence measure-
ments (wheré¢ practical). Shown in fig. 2 are corrve-
sponding data on the normalized growth rate ¢, as
3 function of p. These data are obtained from SEM
measurements of thick lavers.

It is possible to develop analytical expressions for
x versus p and g’ versus p using the gas law with the

- vapor pressures of the sources and the geometry of

the zinc blende lattice. Using a single data point to
accoun: for the geometry of the reactor, we have
arrived at an expression for p versus x w_!:ich is

p = x/(0.347 + 0.653x) . [0))

——
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Fig 2. Growth rate (normalized to total alkyl flow) versus
metal alky] fow ratio p.

This expression is shown as a solid line in fig. 1. A
corresponding expression for the normalized growth
rate g', is given by

£ =1.62%10%(1 - 0.653p) em™ , ®)

and is shown as a solid line in fig. 2. There is a slight
systematic discrepancy berween the analvtical expres-
sion (eq. (4)) and the experimental datz of fig. 1 indi-
cating that a small second order effect has beec per-
haps neglected.

Several additional considerations are required
to reduce the general information above to the
specific case of multiple layer structures of alterna-
ting thin layers of GaAs and Ga;_,Al,As. We are
able, with commonly available electronic mass fiow
contidllers, to obtain growth rates as low as 2.5 A/s
at 750°C. A microprocessor controller is used to
allow the sequencing of automatic valves with pre-
cise timing. The combination of this precise timing
and accurately controlled flow rates allows the repro-
ducible growth of layers less than 20 A thick. The
1otal number of such layvers is virtually unlimited;
we have grown as many as 500. In this work on such
layers is virtually unlimited; we have grown as many
as $00. In this work on QWH transport structures
we have been concerned only with layers in the thick-
ness range 80 to S00 A.

Under the conditions described here, high quality
QWH samples with abrupt interfaces can be grown by

e
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Fig. 3. TEM pho
Gay _yAl As (x

¢z

ph of aliernating GaAs (80 A) and
40,70 A). MO-CVD QWH ;ample.

0S0O

MO-CVD. Shown in fig. 3 is a TEM photograph of
pact of an MO-CVD QWH structure containing 250

alternating layers of GaAs (80 A) and Ga, . Al As
,ch 70 A). Preliminary studies [16] indicate
that the lavers are uniform in thickness, the interfa.

ces are abrupt and no defect structure is evident in
the samples, These data corroborate earlier Auger
datz {15] which indicate that the MOLVD growth
process produces highquality, atomically-abrupt
Ga, _y Al As—GaAs interfaces.

bl S ot
LA L XX X 2 J

vodeoce

3. Quantum well beterostructure mobility

The Ga,_,Al;As—GaAs QWH samples of interest
here are aliemnating layers of equal thickness in which
only the widegap Ga,_,Al As is intentionally doped
{7~-11]. The n-type dopant source is gaseous H;Se
diluted in hydrogen and controlled with an electronic
mass flow controller. The undoped GaAs has a back-
ground doping level (n-type) of <10'* cm™ and mo-
bilities of SO00—6000 cm?/V - s at room temperature
and 12000—16,000 cm?®/V - s at 77 K. In other wotk
under different growth conditions, however, 77 K
mobilities greater than 100,000 cm?/V - s have been -
observed in MO-CVD GaAs {17]. Hall mobilitiesin a
magnetic field of 5000 Gauss are measured using an
etched van der Pauw geometry on QWH samples
grown on semi-insulating GaAs : Cr.

The basic physics of a modulation-doped QWH
{8} is shown in fig. 4. This figure shows a schematic
energy band diagram for an alternating layer
Gay.yAl;As—GaAs heterostructure in which the
widegap Ga,_ Al As is iotentionally doped with
shallow donors. Except at very low temperatures
these donors supply free electrons to the conduction
band of the Ga,_zAlxAs and from there they sresm- d\§ fuse

<dize 10 the bortom of the GaAs well (ortothe n= 1
quantum state in the well). The electron concentra-
tion in the well is that of the doped Ga,_, Al As
and can be high (>10'* cm™). At the same time the
mobility of these carriers is that of undoped GaAs
and will be higher than bulk GaAs doped to the same

& ""_‘l._____J_'—'——-l___—J__——L——.

Eg-GaAs

Fig. l-. Schematic energy hl«;ld diagram for 2 modulation doped QWH high mobility structure,
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carrier concentration. This is, of course, because the
mobility of bulk GaAs at a given temperature decre.
ases with increasing impurity concentration owing to
increased impurity scattering [18]. Detailed consider-
ation [19,20] of the scattering mechanisms (Cou-
Jomb and electron-phonon) in QWH structures has
given 2 theoretical bads for the expectation of greatly
increased electron mobilities in these structures.

Shown in fig. § is the dependence of the Hall
mobility on the carrier concentration at room tem-
perature. The solid line represents an extension of
the upper limit to the mobility of bulk GaAs expec-
ted from a Brooks-Herring analysis [21]. The solid
dara points are represeniative samples of bulk MO-
CVD GaAs and the open circles are selected date

from MO-CVD QWH samples. The mobilities of the .
QWH samples are essentially independent of carrier -

concentration and for conceptrations grester than

10'7 cm™ the measured mobilities are considerably

greater than both the experimental and theoretical

values for similarly doped bulk GaAs. It is not clear*

whether the data point at 2 X 10'* em™ is anoma-
Jous or if there is an effect on the mobility resulting
from a higher concentration of free electrons. The

MO-CVD QWH daua of fig. § are comparable to ear- .

Lier experimental data [8~11] on single and multiple

layer QWH structures prepared by other epitaxial

growth techniques.

The temperature dependence of the Hall mobility

for two typical MOCVD QWH samples is s own in

105 T Y

T Ty T—=TTrrY

¥ ¢ LT V(U

MOPILITY {cm2/Vsec)
]

- -

F 3

L 3

: ]

g h
103 | hdd. I_Llll U S 1

10 100 1000

TEMPERATURE (K}

Fig. 6. Han mobﬂm versus tempmmn for two QWH
MO-CVD transport mmples. The lower curve corresponds
10 2 QWH with 200 A wells doped § X 1017 cm™ and the
upper curve corresponds to 3 QWH with 240 A wells doped
24 %1017 em™3,

fig. 6. The samples are aliernating layers of GaAs and
Gag ;Alg 3As with the alloy layers doped with Se to
5 X10'° em™ (Qower curve) and 2.4 X10'7 em™®
(upper curve). The thickness of the wells are 200 &
(lower curve) and 240 A (upper curve). The 77 K
mobiities are greater than 12,000 cw®/V - s which
is several times greater than the theoretical upper
limit for comparably doped bulk GaAs [21]. These
temperature data on MO-CVD QWH samples are
compasable to earlier reported data [8,11] on sam-
ples prepared by other techniques. The 77 K mobili-
ties are not as high as more recent reports [22,23]
of Gaj_yAl,As—GaAs heterostructure mobilities
for the reason that the 77 K mobilities of this work
are limited by <andmthomsame.sasd the background
impurity level of bulk GaAs growm in this reactor
with these particular sources. With appropriate
high-purity sources and optimized growth panm-
eters (such as growth st temperatures lower than
750°C), the 77 K mobilities should be considerably
higher {17). The Hall mobiity data of figs. § and 6
indicate that MO-CVD QWH structures are of suffi-
ciently high qualiry to be suitable for various mobi-
lity electronic device structure [22,24]. \

b e
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4. Quantum well heterostructure carrier profiles

Cartier concentration profile measuremenis have
been made on these high mobiity MOCVD QWH
samples. These measurements are made using a
Lehighton—Miller capacitance profiler on evaporated
dot Schottky barrier diodes made from samples
grown on conducting GaAs. The measurement accu-
racy is inherently limited by the Debye length of
carriers in GaAs. For reference the Debye lengths at
room temperature in GaAs are ~43 and ~135 A for
doping levels of 10'® and 10'? cm™, respectively.

Profiles of several samples of a 51 layer
Gag Al 3 As—GaAs QWH having alternating 200 A
layers is shown in fig. 7. The alloy layers are doped
with Se¢ 1o (7-8) X10'7 cm™ and the figure is
drawn with distance away from the Schottky barrier
(depletiog .width) increasing to the right. Several
features of fig. 7 are noteworthy. Since only a single
laver (or interface is apparently sampled, the high
concentration region on the left is the possible result
of conduction near zero bias of the Schottky diode.
The concentration peak on the right near 3 X 10'®
em™> clearly occurs before the diode breaks down.
Similar high concentration spikes have been seen in
single interface profile measurements and have been

75‘1512. _
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Fig. 7. Carriez concenzation profile of 1 81 layer QWH with

200 A wells and doped to 7-8 x 1017 em=3.
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Fig. 8. Camier concentration profile of a Sl layer QWH
with 240 A wells and doped 10 2.4 X 1017 cm-3,

attributed to a two-dimensional gas [22] or to a
combination of interface states and heterojunction
discontinuity [25). In any case, the deviation from
the expected siep-like change in the profile cannot
be completely explained by Debyve length smearing
since the shape of the profiles does not chapge
greatly with increzsed thickness or reduced measure-
ment temperature.

The profiles shown in fig. 8 show more detail. This
sample is 51 layers of alternating GaAs (240 A) and
Gag 7Alg 3As (225 A) in which the alloy is doped
~2 X10'? ¢cm™. More than three full periods have
been sampled in these profiles and three peaks which,
as in fig. 7, are greater than the Ga,_,Al;As doping
level, are evident. Based on the thicknesses of the
wells and the barriers, the data of fig. 7 suggest that
there is only a single peak in the electron concentra-
tion in each GaAs well. The Jocation of this peak,
within the well is not clear. If the peak is associated
with an interface [25], then there is no evidence in
the carrier concentration profile for a similar peak
(or a minimurn) at the other interface of the well. As
in fig. 7, Debye length smearing cannot completely
account for the features evident. An expanded por-
tion of the middle period of fig. 8 is shown in fig. 9.
For reference, The carrier concentration spikes are
separated by 470 A. Careful measuremnents of this
curve indicate that, if the carrier concentration
peaks can be presumned to occur at an interface (of
the well) nearest the Schottky contact, the concen.
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5106

Fig. 9. Expanded portion of the middie period of the profile
of fig. 8. For reference the separation between the peaks is
470 A

tration minima occur well beyond the pext inter-
face and some distance into the Ga,_,Al, As bamier
layer.

§. Conclusion

Ip this work we have describec the general condi-
tions for the growth of high quality Ga;_, Al As by
metajorganic chemical vepor deposition and the spe-
cific requirements for the growth of thin layer quan-
tum well heterostructure transport swtructures. We
have mentioned preliminary TEM data which indi-
cate that the MO-CVD layers are uniform and with-
out defects and have abrupt interfaces. We have des-
cribed Hall mobility data showing unusually high
electron mobilities at room temperature and bejow.
These mobilities for QWH samples doped 10'7 cm™
and geater, are higher than the theoretical upper
limit of corresponding bulk GaAs. Carrier concentra-
tion profiles indicate concentration peaks which
occus only once in each GaAs well. These peaks,
which exceed the intentionally doped level, are possi-
bly a two-dimensional electron gas effect.
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